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ABSTRACT

Electrochemical energy storage devices such as supercapacitors (SCs) and lithium
ion batteries (LIBs) play pivotal role in the undergoing “green energy revolution”, which
involves the profound transformation of energy production pattern from fossil fuel to
renewable energy such as solar and wind due to environmental pollution, global warming,
and the inevitable depletion of crude oil and coal. However, wide applications of SCs and
LIBs are still limited due to issues like thermal runway and derived hazards such as ageing
or capacity degradation, fires and explosions. Even more so, thermal control issues only
aggravate in large format devices. With the purpose to prevent thermal runaway from
happening, temperature responsive polymers (TRPs) included electrochemical energy
storage devices such as SCs and LIBs were designed and tested. By utilizing phase
transition phenomenon such as hydrophilicity shift, precipitation of TRPs, it was
discovered that TRP included system’s electrochemical performance could be efficiently
halted once temperature raised beyond phase transition temperature, or lower critical
solution temperature (LCST), therefore limiting further heating of the device. It is therefore
believed that the development of this technology would offer inherent safe, localized
protection mechanism (without disrupting the overall performance) for future large format
energy storage devices.
Initial work was focused on application of poly(N-isopropyacrylamide) (PNIPAM)
in aqueous electrolyte supercapacitors. Electrical double layer capacitors (EDLC) and
pseudo capacitors were designed, assembled and tested to investigate the impact of phase
transition of PNIPAM in such systems. Secondly, based on the knowledge and experience
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acquired from the first work, PNIPAM was made into thin film separator to achieve
practicality and controllability over capacitance of aqueous electrolyte supercapacitors. It
was discovered the capacitance inhibiting capability is dependent on the thickness of
PNIPAM films and the scan rate of applied voltages. Next, carbon nanotubes (CNTs)
modified with PNIPAM was synthesized to test for the corresponding carbon surface and
electrochemical properties. Lastly, a newly discovered copolymer, poly(2-chloroethyl
vinyl ether-maleic anhydride), poly(CVE-MA) was synthesized and applied as thin film in
carbonate electrolyte based LIBs. Electrolyte solution related properties such as 1) solvent
composition; 2) salt concentration; 3) polymer concentration etc. were carefully evaluated
before electrochemical tests been carried out. It was then discovered that due to oleophilic
to oleophobic shift and the resultant polymer precipitation onto electrode surface,
application of poly (CVE-MA) in between carbon electrode and separator in a LIB could
efficiently halt lithium intercalation chemistries at elevated temperatures.
It is believed that the application of TRPs in electrochemical energy storage devices
provides an alternative tool to regulate electrochemical processes, offering a new
perspective for achieving future large format, safe, thermally stable electrochemical energy
storage devices.
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CHAPTER ONE
INTRODUCTION

1.1 Electrochemical energy storage technologies (EES)
In the twenty-first century, human society’s energy consuming pattern is
experiencing drastic transition from traditional fossil fuel based to environmental friendly
renewable energy based since the utilization of resources such as wind and solar, and is
expedited by advancements from electrochemical energy storage technologies (EES) such
as lithium ion batteries (LIBs) and supercapacitors (SCs) since 1990s.(Goodenough &
Park, 2013; Yoo, Markevich, Salitra, Sharon, & Aurbach, 2014) Energy storage systems,
are devices which could convert one type of energy to another type. For example,
electrochemical batteries can convert electrical energy into chemical energy during charge
and chemical energy back to electrical energy during discharge. Over the past several
centuries, especially since industrial revolution era, traditional energy storage technologies
have powered human society’s continuing advancements and developments. Nevertheless,
technologies such as flywheel, hydroelectric are restricted by size, cost, or are very site
specific, thus greatly limiting their portable and large scale applications. Table 1.1 presents
energy storage features of typical traditional, present and emerging energy storage
technologies and their pros and cons.(Soloveichik, 2011)
As can be generalized from Table 1.1, though at a relatively high cost for per stored
capacity, secondary batteries and SCs offer advantages such as pollution-free operation,
high round-trip efficiency, scalability and flexible power and energy features. It is thus
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understandable that why EES have raised so much interests in academia and industry to
apply them in various fields such as smart grid electricity storage and distribution, electric
vehicles (EVs) and portable personal appliances.(Bruce Dunn, 2011; Patrice Simon, 2014)
As mentioned in previously, daunting issues such as depleting fossil fuel resources,
global warming, arctic ice cap melting, pollutions all requesting scientists to invent new
techniques while at the same time refine present energy storage and conversion
technologies. Renewable energies, i.e. solar, wind, geothermal and tide etc. have shown
tremendous potential to replace traditional energy recourses due to pollution free nature.
It has been realized that without parallel, reliable energy storage technology to
exist, this green energy revolution will be hindered to a large extent.(Guney & Tepe, 2016)
Conflicts between supply and need is one big issue. Electricity generation places are
usually located far away from the locations where it is consumed, while transmission of
electrical energy inevitably increase the cost and energy lost. Make matters worse, due to
nature of solar and wind energy, daily and seasonal fluctuation of energy sources also
complicate the situation. It is now largely agreed that EES are one of the prominent
solutions to these issues.(Bruce Dunn, 2011) The following paragraphs of this sections will
introduce and discuss energy storage mechanisms of typical electrochemical energy
devices which include, 1) lithium ion batteries, 2) supercapacitors and 3) redox flow
batteries, so that a big picture of EES landscape can be properly shown, laying down the
foundations and motivation for the following research works.
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Table 1.1 Energy Storage Technologies (Soloveichik, 2011)
Technology

Discharge

Storage Capacity

Life time,

Time

cost, $ kWh-1

cycles/years

＜5 min

1,000-2,000

100,000/＞10

Power, MW

Efficiency %

Drawbacks

Cost, power
Flywheel

1

＞90
applications
Site specific, storage

Compressed air

2,700

2-10 h

90-200

＞5,000/＞10

50
and transmission cost
Site specific,

＞10,000/＞
Hydroelectricity

4,000- 22,500

4-12 h

75-100

75-80

transmission cost,

25
environment
Explosion hazard,
Supercapacitors

0.25

＜1 min

500-3,000

500,000/20

＞90
low energy density

Superconductive
10

1-30 min

10

＞5 h

2,000-10,000

100,000/20

97

10

40-50

Cost, cryogenics

electromagnetic storage
Low density storage,
Chemical (hydrogen)

cost, safety
1,000-

Secondary batteries
0.5-1

1-8 h

250-3,500

75-80

Cost, low cycle life

70

Low energy density

4,500/7-20

(lead-acid, LIBs)
Flow battery (vanadium
12

10 h

150-2,500

redox battery)

3

500-2,000/10

1.1.1 Lithium Ion Battery
First commercially announced in 1991 by Sony Corporation, the researches related
to LIBs could be traced back to 1970s, when Dr. M. Stanley Whittingham proposed to use
titanium (IV) sulfide (TiS2) and lithium metal as electrodes.(M. S. WHITTINGHAM,
1976) However, due to manufacturing difficulties and potential explosion hazards, people
had to give up this design. Over the past several decades, in order to achieve commercially
accessible battery technologies, numerous electrodes, electrolyte materials and battery
structure design have been proposed to order to achieve commercial accessible, energy
dense and safe battery systems.
Figure 1.1 a shows typical schematic of a lithium ion battery. The battery is
composed of several components, including 1) cathode, which is composed of lithium
metal oxides. 2) Anode, usually composed of graphite or other carbon alloy materials. 3)
Electrolyte is good ion conductor while insulating to electrons. It is composed of mixture
of carbonates. 4) Current collectors are made of conductive metal such as aluminum or
copper. 5) Separator is usually made of porous polymers such as polypropylene or
polyethylene thin films, it is designed to separate the electrodes from contacting each other.
Separator need to be ion conductive but electron-insulating to prevent short circuit from
happening. Typical cathode and anode reaction mechanisms are seen in reaction 1.1 and
1.2.
Cathode: LiMO2
Anode: xLi+ + xe- + 6C

Li1-xO2 + xLi+ + xe-

1.1

LixC6

1.2

4

As can be seen from Figure 1.1 a, during discharge, lithium ions extract from anode
and travel through electrolyte/separator to arrive at cathode. In order to keep electrical
neutrality, electrons will travel through external circuit from anode to cathode. The process
will reverse once charge cycle happens.(Goodenough & Park, 2013; Scrosati & Garche,
2010) The stored energy can be described by integration of current I and potential window
∆t

Q

V over time or potential over charge quantity: energy=∫0 IV(t)dt=∫0 V(q)dq.

Figure 1.1 Schematic of a) common lithium ion battery; b) formation of SEI layer by
decomposition of ethylene carbonate based electrolytes. (Bruce Dunn, 2011; Yazami,
1999)
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Till present, there are several categories of cathode and anode materials which
dominate the market. LiCoO2 was first discovered in 1980 and then largely adopted later
in the industry. It has stable performances however suffers low capacity and susceptible to
thermal abuse and overcharge. In order to enhance specific energy and power densities,
people introduced other metal elements such as nickel, aluminum, and manganese into
lithium cobalt oxide to make metal oxide alloy. This approach however, still suffers from
disadvantages such as weak thermal stability and are susceptible to thermal
runaway.(Golubkov et al., 2014) In 1996, John B. Goodenough’s research group
discovered and proposed an olivine crystal structured, lithium iron phosphate.(Padhi,
Nanjundaswamy, & Goodenough, 1997) It has a specific capacity of 170 mAh/g and stable
charge discharge performance and better thermal stability.(Golubkov et al., 2014)
Negative materials are usually composed of graphite or other carbon materials. Up
to 1 Li atom per 6 C atoms in total, or 12 C atoms between two graphitic layers,(de las
Casas & Li, 2012) can be stored in the hexagonal shaped carbon structure, contributing to
graphite’s capacity around 370 mAh/g. This type of lithium ion insertion and expulsion
chemistry is known as intercalation or “rocking chair mechanism”. Carbon materials are
naturally abundant, economically accessible and could provide enough space for lithium
ion intercalation chemistry with limited volume expansion. Carbon based anode materials
still facing difficulties such as low specific capacity and scalability. Specifically speaking,
carbon nanotube based anode materials still lack stable charge/discharge plateau and is
highly morphology dependent.(Nishidate & Hasegawa, 2005) The other type of energy
storage mechanism of anode material is alloying. Metallic or high energy density elements
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such as silicon, tin, antimony are usually used to alloy with carbon matrix, in order to
achieve higher energy density output, for not only carbon provide the matrix platform on
which these energy contributing elements can reside, but also provide nice electron
conducting pathways, leading to enhanced C rate performance.(H. Jiang et al., 2014) One
disadvantage of alloying comes from the uncontrollable volume expansion, which is
caused by large volume difference before and after the alloying. Subsequent results include
destruction of SEI, loss of active lithium ions, unstable performance and shorten service
life of LIBs.(Fu et al., 2013)
The reaction mechanism of LIBs may seem simple from the first sight.
However, it is worth noting that LIBs are actually a thermodynamically unstable while
kinetically stable system. Side reactions such as formation of solid electrode interface (SEI)
is crucial for LIBs to function properly. SEI is usually formed by the decomposition of
electrolyte and salt, it usually has a thickness ranging from 100 -140 nm. It is in nature
electron insulating but accessible to active ions, thus provide stability over the electrode
surface, as seen in Figure 1.1 b.(Goodenough & Kim, 2009) J.B.Goodenough also
proposed that once an anode’s electrochemical potential μa is above the lowest unoccupied
molecular orbital (LUMO) of the electrolyte, the electrolyte will be reduced. The same
applies to the cathode, if the

μc of

which is below the highest occupied molecular orbital

(HOMO), the electrolyte will be oxidized. The formation of SEI is thus essential for battery
to achieve stability or the reduction/oxidation of electrolyte will keep going until it is
depleted. Figure 1.2 shows a specific example of LIB, in which the voltage ranges of
LiCoO2 cathode, graphite anode and ethylene carbonate/diethyl carbonate electrolyte and
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the potential range at which SEI is susceptible to come into formation are all presented. As
can be seen from Figure 1.2, over potential at the anode side would lead to decomposition
(reduction) of electrolyte and formation of a passivating layer at graphite surface.
Formation of SEI reduces first cycle coulumbic efficiency by consuming some active
lithium ions, while it also assures continuation of this charge/discharge processes and
eliminate potential lithium dendrite, which is always leading to piercing of separator and
hazardous short circuit happen in early lithium metal battery.(Tarascon & Armand, 2011)

Figure 1.2 Voltage operation ranges of the LiCoO2/C electrodes in comparison with the
stability domain of common organic liquid electrolytes. (Scrosati & Garche, 2010)
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1.1.2 Supercapacitor
SCs usually consist of electrodes, electrolyte (and electrolyte salt), and the separator,
which prevents facing electrodes from contacting each other, seen in Figure 1.3 a. SC’s
energy storage mechanism can be classified into two categories: electric double layer
capacitors (EDLC), (G. Wang, Zhang, & Zhang, 2012) where the capacitance comes from
charge surface accumulation and separation (polarization of electrolyte), the thickness of
electrical double layer is of a few Angstroms. The other one is pseudo capacitor, the
capacitance of which is contributed not only by EDLC, but also by Faradaic redox
reactions, meaning electro-active materials such as conductive polymers, metal oxide alloy
also contribute to charge quantities.(González, Goikolea, Barrena, & Mysyk, 2016b)
Lately,

metal-organic

frameworks

(MOFs)

such

as

Ni3(2,3,6,7,10,11-

hexaiminotriphenylene)2 are also been reported as potential EDLC electrode
materials.(Sheberla et al., 2016)
Several basic elements can be used to describe a supercapacitor, shown in Figure
1.3 b. Considering SC’s structure as a simple equivalent circuit (Randle’s circuit), EDLC
is shown by anode and cathode capacitors (C1, C2), separator, inter electrode resistance or
solution resistance consists of resistance of separator and electrolyte (Rs), electrode
resistance which consists of activated carbon electrode and collector (Re), and isolation
resistance (R). In actuality, a circuit which is composed of various resistances and
capacitors are connected in series to describe more complicated systems. As the electrode
been charged up, negative ions travel through an ion conducting media to cathode while
positive ions to anode. Conversely, negative ions move away from cathode and positive
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ions detach from anode during discharging EDLC. EDLC can generally be assumed to be
similar to a parallel plate capacitor, the capacitance of which can be described as
C=(εrε0/d)*A=Q/V, where εr and ε0 are the dielectric constants for electrolyte and in a
vacuum, d the effective thickness of electrical double layer and A, the specific surface area.

Figure 1.3 a) Schematic of a supercapacitor configuration and b) equivalent circuit, where
C1 and C2 are capacitors; Rs is inter electrode resistance or solution resistance; R1 and R2
are isolation resistance; Re1 and Re2 are electrode resistance. (G. Wang et al., 2012)

1.1.3 Redox Flow Battery
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Redox flow batteries (RFBs) is a type of energy-storage device which is capable of
providing reversible conversion between electrical and chemical energy. RFBs have two
soluble redox couples contained in external electrolyte tanks sized in accordance with
specific requirements. Different from LIBs and SCs, the energy of which originate from
electrode materials and electrical charge, the energy of RFBs stored in the incoming fuels
in the form of two redox pairs that convert into electricity at the electrodes.(W. Wang et
al., 2013) Typical configuration of a flow battery can be found in Figure 1.4. The
conversion between electrical energy and electrochemical energy occurs as the liquid
electrolytes are pumped from storage tanks to flow-through electrodes in a cell stack. The
electrolytes flowing through the cathode and anode often are referred to as the anolyte and
the catholyte, respectively. An ion selective separator sits in the middle that prevents the
two electrolytes from mixing while allowing transport of the charge carrying ions (e.g., H+
, Cl− ) to maintain electrical neutrality and electrolyte balance.

\
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Figure 1.4 Schematic of the structure of a redox flow battery, it is composed of two fuel
tanks containing anolyte and catholyte, and a central chamber, reactions happen at the
interface where anolyte and catholyte contact with each other.(L. Li et al., 2011)

First invented in the 1970s by the National Aeronautics and Space Administration
(NASA) (Thaller, 1976), different categories of redox chemistry have been reported since
then. For instance, vanadium/cerium flow batteries(L. Li et al., 2011), zinc/bromine flow
batteries, polysulphide/bromine flow batteries(Ponce de León, Frí
as-Ferrer, GonzálezGarcía, Szánto, & Walsh, 2006), and the earliest ferric/ferrous (Fe2+/Fe3+) halide in the
positive and chromic/chromous (Cr2+/Cr3+) in the negative system. RFB’s energy
conversion is realized by changes in redox pair valence states. Reaction 1.3 through 1.5
show typical electrode reactions in vanadium redox flow batteries.

Cathode side: VO2+ + 2H++ eAnode side: V2+ - e-

VO2+ + H2O
V3+

Cell reaction: VO2+ + V2+ + 2H+

1.3
1.4

VO2+ + V3+ + H2O

1.5

The energy storage mechanisms endow RFBs many advantages which other
technologies do not have. These include but not limited to, 1) flexible tank design
guarantees a wide spectrum of energy and power output; 2) no physical or chemical
changes happen on the electrodes, ensuring longevity of the whole system; 3) much better
heat dissipation due to the flowing electrolytes carry away the heat; 4) manufacturing ease.
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Nevertheless, RFB’s wide application is still limited by relatively high capital cost and lifecycle cost which depends on maintenance, materials, performance, etc. Traditional sulfuric
acid based vanadium redox flow battery’s application is hindered by vanadium solubility
and stability over a certain temperature window and thus only produce limited energy
density, < 25 Wh/L.(Kazacos, Cheng, & Skyllas-Kazacos, 1990)
It is acknowledged that RFB’s main avenue lies in the application of stationery
energy storage and conversion, thus pivotal research topics in the area of RFBs include
understanding of solution chemistry, refined redox pair chemistry, and innovative design
of prototype, etc. Thermal control is not a big concern due to good heat dissipation
capability of flowing nature of reacting fluids. With all these unique advantages and
challenges brought forth, it is no doubt that RFBs offer tremendous promise and research
avenue to future stationary energy storage.
Ragone plot provides a clear comparison between different EES in terms of their
energy and power density. As can be observed from Figure 1.5, SCs are featured by high
power density, ranging from 1,000 W/kg to 10,000 W/kg. This is because EDLC do not
reply on slower rate faradaic reactions, where redox reactions occur due to
oxidation/reduction species reside in electrolyte or within electrode. The niche application
of SCs thus lay in the area of unperturbed power supply (UPS), wind turbine, airplane door
lock, dynamic braking of transport system, etc., where instant high power output is
needed.(González et al., 2016b) LIBs and other secondary battery systems are featured by
high energy density but suffers relatively low power density. This due to the fact the
capacity of LIBs is mainly contributed by rocking chair mechanism, lithium intercalation
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chemistry and it is much more kinetically limited comparing to EDLC. One research trend
at present is hybrid systems, which combines the advantages of both LIBs and SCs, namely
high energy and power density within one system. To achieve this goal, better
understandings of surface vs. bulk ion diffusion chemistry is essential, while capable
pairing materials are need to be explored.(Vlad et al., 2014)
Till present, billions of LIBs are being produced each year, and have found
numerous applications ranging from portable electronics, power tools, and hybrid/electric
vehicles.(Nitta, Wu, Lee, & Yushin, 2015) It is safe to say that the developments of EES
have brought convenience and reshape people’s lives while at the same time, public’s
attentions towards the advancements of materials science.

Figure 1.5 Ragone plot of various electrochemical energy storage systems, LIBs are
featured by high energy density and SCs are featured by high power density.
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1.2 Thermally related issues and mechanism in lithium ion batteries
1.2.1 Thermal runaway in LIBs
Based on the previous discussions, it has been shown that thermally related issues
such as thermal runaway, capacity degradation and ageing is much more prominent issues
in LIBs and SCs comparing to other systems such as redox flow batteries and fuel cells. It
is therefore in the sections 1.2 and 1.3, thermally related issues in LIBs and SCs are
emphasized and mechanism been introduced.
Safety and reliability are major factors to consider when technologies as popular as
LIBs and SCs have reached out people’s daily life. Nevertheless, due to intrinsic material
properties, immature device design/manufacturing and thermal abusive conditions,
hazardous incidents such as electric vehicle caught fire and explosions, Boeing 787
Dreamliner grounding and cargo plane caught fire still bring forth inconvenience or even
impose threat to people’s everyday life. Since 2006, there have been tens of thousands
reports related to mobile phone fires or explosions, most of which were caused by thermal
runaway.(Q. Wang et al., 2012) The public is now holding serious concerns over EES’s
reliability and safety, rendering building thermally stable electrochemical device a
necessity for academia and industry to pursue.(Jin, 2017; Shamsi, Ali, & Kazmi, 2017; Q.
Wang et al., 2012; S. Whittingham, 2017)
When it comes to the safety aspect of LIBs, thermal runaway is one of the major
failure mechanisms.(Feng et al., 2018; Mandal, Padhi, Shi, Chakraborty, & Filler, 2006)
Although produced batteries need to pass standard tests, e.g., UN 38.3, UN R100, SAEJ2464, IEC-62133, GB/T 31485 etc., self-induced failures and practical abuse conditions
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(i.e. using defected charging device) may still lead to thermal runaway in batteries.(Feng
et al., 2018) It happens when the heat produced by exothermic reactions surpass the
intrinsic cooling capacity of the system, which can be visualized by Semenov plots, high
reaction rate in turn contribute to higher temperatures, causing hazardous Arrhenius
thermal loop.(Q. Wang et al., 2012) Thermal runaway in LIBs is usually caused by
irreversible reaction of the anode, cathode and electrolyte. Factors that can trigger thermal
runaway can be categorized into: mechanical abuse, electrical abuse and thermal abuse,
shown Figure 1.6.(Feng et al., 2018; Wilke, Schweitzer, Khateeb, & Al-Hallaj, 2017)

Figure 1.6 Accidents related with lithium ion battery failure, and correlated abuse
conditions. (Feng et al., 2018)

Various conditions could lead to thermal runaway, which include but not limited to
overcharge, close to heat source, mechanical piercing or pressing, short circuit, etc.
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Different components of LIBs respond differently to increased temperatures. Cathode
materials tend to disintegrate while anode materials, due to breakdown of SEI, tend to react
more violently with electrolyte and release heat and gas. Typical lithium salt used in
organic electrolyte, lithium hexafluorophosphate (LiPF6) is also thermally unstable and
tend to react with moisture and organic solvents.(Finegan et al., 2015)
Take overcharge as an example, it usually leads to heat and gas generation, which
are raised from Ohmic heat and side reactions. Wen et al. reported mechanisms for
overcharge side reactions, which involves electrode stoichiometry-controlled, lithium
dendrite growth and excessive de-intercalation of lithium ion induced cathode structure
collapse.(Wen, Yu, & Chen, 2012) Figure 1.7 shows chain reactions during thermal
runaway in LIBs. Abnormal increase of temperatures will first lead to decomposition of
SEI, then reaction between electrolyte and anode, decomposition of cathode and electrolyte
sequentially. Once separator structures collapses, direct contact between anode and cathode
would lead to internal short circuit, releasing stored electrochemical energy
instantaneously, leading to thermal runaway and electrolyte burning and release hazardous
gases such as carbon monoxide and hydrogen fluoride.
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Figure 1.7 Schematic of the chain reactions during thermal runaway in LIBs. (Feng et al.,
2018)

1.2.2 Ageing in LIBs
Capacity fade or ageing in LIBs is another thermally related issue that restrict its
applications in areas where stabilized longer service life is expected, such as stationary
energy conversion & storage, electric/hybrid vehicles. Ageing causes are categorized as
following: (1) loss of lithium inventory which is related to the side reactions occurring at
both electrodes (e.g., SEI growth at carbon anode due to electrolyte decomposition) and
leading to an increase of the cell imbalance, (2) loss of active materials (e.g., material
dissolution, structural degradation, particle isolation and electrode delamination), and (3)
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impedance increase of the cell (e.g., passive films at the active particle surface and loss of
electrical contact within the porous electrode).(Kassem et al., 2012) It is worth mention
that ageing in LIBs is a complex procedure which involves in the interplay between
different factors, ranging from state of charge (SOC), temperatures, SEI stability, voltage
limit, battery materials, etc..
In 2012, M. Kassem et al. investigated possible impacting factors for LIBs to age.
A positive correlation between temperature and aging rate was discovered when they tested
a standard lithium ion phosphate/graphite battery, as shown in Figure 1.8. Similar trend
was observed when tested under different SOCs. This observation is ascribed to the
expedited shuttle reactions at cathode and anode sides under higher temperatures, rendering
depletion of active lithium inventory in the battery system.(Sloop, Kerr, & Kinoshita, 2003)
Other affecting factors such as potential limit, C rate was found to be of secondary
importance comparing to lithium inventory depletion.(Zheng, Chai, Song, & Battaglia,
2012)
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Figure 1.8 Charge/discharge profiles measured at 1C and 25◦C for cells under storage at
SOC=100% and at temperature a) 30◦C, b) 45◦C, and c) 60◦C.(Kassem et al., 2012)

1.3 Thermally related issues and mechanism in supercapacitors
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1.3.1 Ageing in SCs
Although SC’s energy storage is electrostatic in nature, it is a mistake to ignore
temperature related issues, for not only applicable temperature range is an important factor
to consider from consumer’s perspective, but also the fact that temperature induced ageing
is also detrimental to SC’s capacity. It has been reported that parasitic electrochemical
reactions, such as the decomposition of the electrolyte, occur and can under certain
circumstances drastically reduce the service life of the device.(Bohlen, Kowal, & Dirk Uwe,
2007; Bohlen, Kowal, & Sauer, 2007) In 2010, R. Kötz et al. investigated the effects of
temperature, voltage upon ageing, or capacity degradation of commercial available
supercapacitors, shown in Figure 1.9. It was found that contrary to common knowledge,
leakage current does not necessarily relate to degradation rate, and it was summarized that
in general, a factor of 2 can be assumed for the increase in aging rate for an increase in
voltage of 0.1 V or an increase in temperature by 10 ◦C.
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Figure 1.9 Life time of tested capacitors as a function of load voltage for different
temperatures and voltages.(Kötz, Ruch, & Cericola, 2010)

Electrochemical impedance spectroscopy (EIS) was utilized to analyze different
equivalent series resistance (ESR) exerted by voltage and temperature, shown in Figure
1.9. It was observed that the effect of ageing was visualized by increased ESR at higher
voltages. Comparing 2.5 V and 3 V, a decrease of slope at low frequency range indicated
hinders side reactions accelerate the diffusion control in the bulk of the electrode. The
situation was similar when capacitors were tested at higher temperatures, namely ESR
increased from 3 mΩ to 4 mΩ and a drop of slope at low frequency range, albeit to a lesser
extent than for the spectra of capacitors aged at elevated voltage. In addition, a clear
decrease of the slope in the low frequency branch is observed, which could be interpreted
in terms of a parasitic side/parallel reaction (beginning of a semi-circle) or as a decreased
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constant phase element (CPE), indicating inhomogeneity. It was also reported that different
electrolytes have different temperature dependencies for ageing rate, i.e., temperature
effects are much more pronounced for propylene carbonate (PC) than for acetonitrile (AN)based electrolytes.(Kötz, Hahn, & Gallay, 2006)

Figure 1.10 Nyquist plots of the capacitors after the load test at 3.3 V and 30 ◦C (650 hrs,
30% capacitance loss) and after the load test at 2.5 V and 70 ◦C (1,700 hrs, 20% capacitance
loss), dashed line indicates the performance of a new capacitor. (Kötz et al., 2010)
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Table 1.2 summarizes general conclusions for high temperature and high cycling
voltage derived ageing’s affecting factors and mechanisms. As can be seen from the table,
temperature induced ageing causes the electrode to lose integrity over time, increasing
contact resistance of the system. High voltage and cycling usually leads to corrosion
products be formed on electrode, resulting in a more battery-like, diffusion controlled
behavior over time, which ultimately leads to ageing of the system.

Table 1.2 Relationship between Ageing Factors and Ageing Mechanisms

Ageing Factors

Ageing Electrochemical Process


High
Temperature

Ageing Mechanisms

An emergence and continual growth



Loss of contact within the

of the semicircle in the impedance

electrode, given rise to contact

spectrum at high frequency

resistance(Kötz et al., 2010)

(Abubakar, Isa, & Wan, 2017)

High Voltage
and Cycling



A

visible

(arc-like)

bump

in



Changes of porous electrode

impedance spectrum at medium

emulating a charge transfer

frequency

reaction due to formation of

A change in the slope of the

corrosion products or increase

imaginary part of the impedance

of distributed resistance(Ruch,

spectrum at low frequency

Cericola,

Foelske-Schmitz,

Kötz, & Wokaun, 2010)
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1.4 Solutions for building thermally stable electrochemical devices
1.4.1 Enhancing electrode/electrolyte interface stability
Due to high reactivity exists between electrolyte and electrode materials, one
effective approach to achieve thermally stable system is to enhance electrolyte’s thermal
stability. Several types of additives have been reported, they include, 1) solid electrolyte
interface (SEI) forming improver, 2) cathode protection agent, 3) LiPF6 salt stabilizer, 4)
safety protection agent, 5) Li deposition improver and, 6) other agents such as solvation
enhancer, Al corrosion inhibitor, wetting agent, etc..(S. S. Zhang, 2006) Addition of SEI
stabilizers would enhance morphology of SEI, since SEI tends to disintegrate at elevated
temperatures and reformation of SEI also consumes active lithium ions, resulting in
capacity degradation. Common electrolyte solute salt LiPF6 tends reacts with trace water
and come into formation of HF, which is hazardous to the battery integrity. The addition
of salt stabilizer would alleviate this issue.(J. Vetter et al., 2005)
Second approach involves to enhance thermal stability of electrode materials. Metal
oxides are adopted as coating materials for cathode. Effective coating could prevent direct
contact between cathode and electrolyte, thus enhance cathode material’s structural
stability at abnormal temperatures.(C. Li et al., 2006) Anode materials tend to react
violently with electrolyte at abnormal temperatures, thus it is of most importance to
enhance SEI stability at high temperatures. Till present, metal or metal oxides deposition,
polymer(Lin et al., 2013) or carbon coating of anode materials have been reported to
enhance thermal stability of anode materials.(Jeong, Kim, Kim, & Kim, 2012; Lahiri et al.,
2011)
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1.4.2 Temperature Responsive Polymers
As discussed previously in this dissertation, an effective approach to address
thermally related issues in LIBs and SCs is to interfere with the thermal runaway chain
reaction, which is by itself, highly temperature dependent. It was therefore proposed that
by inhibiting electrochemical reaction at abnormal temperatures, derived hazardous
reactions in electrochemical devices, whether it is SEI breakdown, cathode structure
collapses in LIBs or electrode/electrolyte degradation in SCs, could be alleviated and
enhance the overall thermal stability of the system.
Responsive materials, as S. Minkoin etc. suggested in their work, can convert one
type of signal to another, thus opening up great opportunities in terms of
applications.(Stuart et al., 2010) Various stimuli signals, such as temperature, pH(Bae,
Fukushima, Harada, & Kataoka, 2003), light(Fomina, McFearin, Sermsakdi, Edigin, &
Almutairi, 2010), electrical(Kim, Park, Kim, Shin, & Kim, 2002), magnetic(Kohri et al.,
2018) etc. can be used to induce phase transitions in polymeric solution systems. There are
several

well learned TRPs, such as poly(N-isopropylacrylamide) (PNIPAM),

poly(oxazoline), poly(oligo(ethyleneglycol)-methacrylate), poly(2-(dimethylamino)ethylmethacrylate), etc.(Miasnikova et al., 2012; Weber, Hoogenboom, & Schubert, 2012; Yuk,
Cho, & Lee, 1997) It is now understood that for the most part, the thermodynamic driving
force for lower critical solution temperature (LCST) in aqueous media originates from the
breakage of hydrogen bonding between the solute molecules and surrounding water
molecules, which leads to a negative term ∆S. As long as the overall ∆G is overcome by
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negative ∆S, phase separation occurs.(Feil, Bae, Feijen, & Kim, 1993; Heskins & Guillet,
1968)
People have been investigating TRPs which can perform phase transition in nonaqueous media and other impacting factors, such as solute concentration, salt types,
response rate and unique characterization techniques.(Boutris, Chatzi, & Kiparissides,
1997; Schild, 1992; X. Zhu, 2006; S. F. Yanjie Zhang, Laura B. Sagle, Younhee Cho,
David E. Bergbreiter, Paul S. Cremer, 2007; G. Zhang & C. Wu, 2009; Guangzhao Zhang
& Chi Wu, 2009; X.-Z. Zhang, Xu, Cheng, & Zhuo, 2008; Y. Zhang & Cremer, 2006)
TRPs that can perform LCST in ionic liquids and organic media have been reported.
Poly(ethylene oxide) (PEO) in imidazolium has been studied by simulation and neutron
scattering methods.(Costa & Ribeiro, 2006; Lee & Lodge, 2010) M.Watanabe’s group
reported responsive PEO derivatives, poly(ethylene glycidyl ether) and polymethacrylate
copolymer

in

1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)

amide

[C2mim][NTf2] binary solution.(Fujii et al., 2011; Tsuda et al., 2008) In 2011, K.Inomata’s
group reported poly (2-chloroethyl vinyl ether-alt-maleic anhydride)’s LCST behavior in
organic solvents like butyl acetate and hexane/tetrahydrofuran.(Z. Liu, Guo, & Inomata,
2010, 2011b, 2011d) It was found that copolymer’s LCST behavior relies on molecular
weight, weight percentage of solute, composition and polarity of solvent.(Z. Liu, Guo, &
Inomata, 2011a, 2011c)
Till present, TRPs have found niche applications ranging from controlled target
molecule release(Ashraf, Park, Park, & Lee, 2016; Deng et al., 2016; Nagata, Kokado, &
Sada, 2015; Xu, Zhang, Gao, & Serpe, 2018), biosensors(Dou et al., 2012),
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coatings(Ganesh et al., 2015), textiles and tissue engineering(Afolabi, 2015; Elashnikov et
al., 2016; Nagata et al., 2015; Okuzaki, Kobayashi, & Yan, 2009; J. Wang, Sutti, Wang, &
Lin, 2011) and gating materials(H. Liu et al., 2018). However, electrochemistry
applications still largely remain to be explored. In the following section, TPR’s
applications in the field of electrochemical energy storage will be reviewed based on
different components of common electrochemical device, namely electrode, electrolyte
and separator. Emphasis will be put on introducing representative works related to building
thermally stable, high temperature safe electrochemical systems.

1.5 Temperature responsive polymer applications in EES
1.5.1 Responsive polymer on/in electrode
Surface modification of electrode materials offer exciting opportunities in terms of
extending electrode functionality and enhancing energy/power performance and
guaranteeing stable electrode surface.(Mauger & Julien, 2014; Xiao et al., 2010) Along the
path, people have being attempting to modify the electrode surface with TRPs. In 2004,
Yan.DY’s group successfully modified the surface of CNTs with poly methyl methacrylate
(PMMA) and later PNIPAM by adopting atom transfer radical polymerization (ATRP). A
“grafting to” route was adopted due to more even distribution of polymer chains can be
achieved on the CNTs surface comparing to “grafting from”. Other groups reported refined
and facile synthesis approach to enable PNIPAM copolymerization or alternative synthesis
routes.(Chun Yan Hong, 2005; C. G. Hao Kong, Deyue Yan, 2003; W. L. Hao Kong, Chao
Gao, Deyue Yan, Yizheng Jin, David R. M. Walton, Harold W. Kroto, 2004; D. Yang, Guo,
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Hu, Wang, & Jiang, 2008; Yongfang Yang et al., 2012) In 2016, D.A.Wilson et al. reported
controlled nano-scaled vesicle movement by utilizing surface modified PNIPAM onto poly
ethylene glycol-block-polystyrene matrix. The changing temperature induces the PNIPAM
polymer brush conformation to change, which leads to controlled contact between the fuel,
H2O2, and the catalyst platinum nanoparticles.(Tu et al., 2017) It can be foreseen that TRPs
can serve as gating materials on matrix surface, responsive property shift such as
conformational and surface wetting capability change would offering great potential in the
area of nano robotics, sensors, fuel cells and controlled drug delivery.(Klouda, 2015;
Reineke, 2015)
It is thus only natural that people would want to apply surface modified electrode
to regulate electrochemical performances. Through 2002 till 2009, I.Willner et al. from the
Hebrew University of Jerusalem reported controlled electronic performances by either
adopting PNIPAM@Au hydrogel or metal ion incorporated PNIPAM@Au electrode. It is
claimed that the temperature induced switching between compact/extend polymer
conformations was accredited for the reduced electrochemical performance at higher
temperatures, shown in Figure 1.11 a, b. In 2009, same group reported enhanced
electrochemical performance at higher temperatures by modifying the metal surface with
PNIPAM. It was claimed that due to compact conformation come into form at higher
temperatures, the distance between two electrodes was shortened, thus leading to lower
electron-transfer resistance and higher amperometric responses. The contracted polymer
conformation provide intimate contact between metal clusters and enabling electronhopping process through the matrix, shown in Figure 1.11 c, d. (Riskin, Tel‐Vered, &
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Willner, 2009; Sheeney Haj Ichia, Sharabi, & Willner, 2002) As can be seen from the
schematics, polymer conformational shift can either hinder active ion adsorption or bring
two electrodes closer to each other, resulting in stronger electronic signals at stimulated
conditions. It was proposed that similar TRP modified metal matrix based electrochemical
devices could offer tremendous potential in the area of thermo-switchable electro catalysis.
Based on the previous researches, it is safe to say that through smart electrochemical device
design and material choice, either enhancing or inhibiting electrochemical performance,
especially capacitance can be achieved through application of TRPs.
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Figure 1.11 Schematic for a) PNIPAM@Au and b) resultant inhibited capacitance at higher
temperatures due to ion migration hindrance exerted by compact polymer conformations;
c) shrunken PNIPAM conformation lead to intimate contact between Au electrodes surface
and, d) cyclic voltammetry results at different temperatures, a is at 22 °C and b is at 40 °C,
shortened distance between the electrodes leads to stronger electrical signal at elevated
temperatures.(Riskin et al., 2009)
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Then in 2012, Duan.X etc. confirmed similar current-potential behavior by using
PNIPAM modified ultrathin film.(Dou et al., 2012) Sung.YE etc. on the other hand,
focused on changing electrode surface hydrophilicity by adopting PNIAPM modifications
on C@Pt nanoparticles, with the purpose to enhance wetting of proton exchange membrane
fuel cell cathode electrode. It was found the catalyst efficiency was not affected by
PNIPAM surface modifications under low current density and could deliver even higher
power density under high current density due to fast removal of water and rapid oxygen
accessibility to platinum surface in the catalyst layer.(N. Jung et al., 2013)
In 2016, Bao.ZN’s group reported another approach to control LIBs performance
at abnormal temperatures, which involves the combination of graphene-coated nickel
particles embedded polyethylene (PE) matrix and use the composite as electrode. It was
discovered that due to PE’s volume expansion under high temperatures, breakage of
conductive pathways will lead to seven or eight magnitude of electrical conductivity
decrease, yet still maintains reversibility and battery performance.(Z. Chen et al., 2016) It
is important to notice the idea of positive temperature coefficient (PTC) material been
adopted to tackle thermal control issue in electrochemical devices. PTC materials’
resistivity increases with increasing temperatures, thus integrate them into electrochemical
systems may be an efficient approach to control thermal runaway.(H. Zhang et al., 2016)
Ai.XP et al. proposed the application of a PTC polymer resistor, poly(3-octylthiophene)
(P3OT) to be cast between current collector and LiCoO2 cathode material, schematics and
resistivity vs. temperature behavior are shown in Figure 1.12. Once temperature raised to
around 90-100 °C, the resistance increased dramatically, it was proved this PTC increased
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resistance can inhibit LIBs performance due to efficient blockage of electron through
current collector.(Ji et al., 2016; H. Zhang et al., 2016)

Figure 1.12 Poly(3-octylthiophene) is cast between cathode LiCO2 and current collector,
increasing resistance and reducing capacity once temperature is raised.(Ji et al., 2016)

1.5.2 Responsive polymer in electrolyte
Applying TRPs into electrolyte to achieve thermal stability is an active direction.
This is possibly due to the fact that electrolyte is a vital component that dominates ion
migration, electrochemical performance and convenience of integration. J.C.Kelly et al.
proposed the application of a copolymer in an aqueous electrolyte, which is composed of
PNIPAM and acrylic acid (AA) to control electrochemical performance of polyaniline
under high temperatures. It is claimed that between the components, PNIPAM governs the
thermal response and AA provides the active ions. Once LCST is reached, due to
PNIPAM’s globule-to-coil transition and less active ions available in solution, i.e. protons
and ions will be trapped within precipitated PNIPAM chains, leading to increased
impedance.(J. C. Kelly, Pepin, Huber, Bunker, & Roberts, 2012) Due to precipitation of
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copolymer chains and reduced active ions at 50 °C, a significant decrease of CV integrated
areas can be observed when comparing 22 °C to 50 °C. Schematics and electrochemical
results are shown in Figure 1.13 a. Yang.H etc. reported the application of another type of
thermal sensitive sol-gel transitional copolymer. The copolymer, poly(N-isopropyl
acrylamide-co-acrylamide) (PNIPAM-co-AM), is directly added into electrolyte. Due to
sol-gel transition that stimulated by high temperatures and increased viscosity, migration
of conductive ions is greatly hindered, which lead to charge storage capacity reduction.(H.
Yang et al., 2015), see Figure 1.13 b. Shi.Y etc. proposed a sol-gel approach, which
involves the application of a pluronic [poly(ethylene oxide)-block-poly(propylene oxide)block-poly(ethylene oxide) (PEO-PPO-PEO)]. A preliminary relationship between
copolymer molecular weight (MW), transition temperature and storage/loss modulus was
discussed, along with MW effect upon electrochemical performances.(Shi, Ha, Al-Sudani,
Ellison, & Yu, 2016)
Ionic liquids (ILs), or molten salts under ambient temperature, have proved to be
promising electrolyte solvents in energy storage technologies due to certain properties such
as negligible volatility, non-flammability, high ionic conductivity, low viscosity and
chemical stability over wide potential range.(Armand, Endres, MacFarlane, Ohno, &
Scrosati, 2009; Ishikawa, Sugimoto, Kikuta, Ishiko, & Kono, 2006; Rogers & Seddon,
2003) Based on LCST behavior of poly(ethylene oxide) (PEO) in ionic liquids(Lee,
Newell, Bai, & Lodge, 2012), and previous knowledge about TRPs phase behavior, i.e.
polymer and solution properties, in aqueous medium such as water, M. E. Roberts et al.
proposed the application of PEO-IL mixture in LIBs, with the intention to impede
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electrochemical processes under elevated temperatures, thus enhancing thermal stability
and mitigate thermal hazards associated with LIBs.(Jesse C. Kelly, Gupta, & Roberts,
2015) Their follow-up work also includes the application of poly(benzyl-methacrylate)
(PBMA)

in

1-ethyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide

[EMIM][TFSI] as ionic liquid electrolyte for LIBs. It was found that different from what
PNIPAM-co-PAA would behave in aqueous solutions, in which the inhibited capacity was
attributed to decreased conductivity and less active ions in the bulk of the electrolyte, in
ILs system, the electrode-electrolyte interfacial charge transfer resistance (Rct) increase
under higher temperature should be largely accounted for inhibited electrochemical
performance.(Jesse C Kelly, Degrood, & Roberts, 2015) Schematics and CV and EIS
results are shown in Figure 1.13 c. EIS data showed a significant increase of Rct from 800
Ω to over 1200 Ω while there was no obvious increase of solution resistance (Rs). This
observation further confirms that in order to inhibit faradaic reactions or kinetically slower
lithium intercalation chemistry, an effective approach is to enhance Rct, not Rs. However,
ILs have poor stability at voltages below 1.1 V(Fuller, Carlin, & Osteryoung, 1997) and
have relatively high viscosity, which greatly limits the actual application of ILs based
electrolyte for LIBs. Additives such as ethylene carbonate or vinyl carbonates must be
added to introduce a stable SEI on a carbon anode surface.
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Figure 1.13 a) Schematics of PNIPAM-AA copolymer conformational changes and
corresponding galvanic charge/discharge and cyclic voltammetry performances under 22
°C and 50 °C.(J. C. Kelly et al., 2012) b) PNIPAM-co-AM be integrated into aqueous
electrolyte and specific capacitance mitigation once temperature is increased.(H. Yang et
al., 2015) c) Application of PBMA in [EMIM][TFSI] to achieve better thermal control in
LIBs, much larger Rct was accounted for this mitigating effect.(Jesse C Kelly et al., 2015)

Comparing to the wide applications in aqueous media, the application in organic
media is still relatively unexplored. In 2011, K. Inomata’s group reported a copolymer,
poly(2-chloroethyl vinyl ether-alt-maleic anhydride) or poly(CVE-MA), which can exhibit
LCST behavior in organic solvents such as n-butyl acetate and alkyl compounds. It has
been shown that the LCST depends on the composition of the mixed solvent and MW of
poly(CVE-MA). A general rule is that effects that strengthen the polar interaction between
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the polymer and the solvents are inclined to decrease the Tcp of the polymer solution and
vice versa. The authors thus speculate the LCST behavior originate from the interaction
between polymer chains and solvent molecule and can be described by Flory-Huggins
lattice model.(Z. Liu et al., 2011a, 2011c) A solubility parameter δp proposed by Hansen
was employed to build the relationship between solvent polarity and solubility.(Hansen,
1969) It should be pointed out that similar to aqueous TRP systems,(Patel, Paricaud,
Galindo, & Maitland, 2003; Sadeghi & Jahani, 2012) organic TRP’s LCST behavior also
vary due to salting-out/salting-in effect, a systematic study in terms of lithium salt type,
salt concentration, solvent composition upon phase transition is still much needed in this
area in order to achieve better understanding of TRP’s behavior in organic solvent.

1.5.3 Responsive polymer in separator
People have being investigating integrating TRPs into separator materials to
achieve better thermal stability of electrochemical devices. With the help of
electrospinning, fine-structured nano/micro fibers have been produced to access this goal.
In 2015, S.Agarwal et al. reported fabrication of electrospun PNIPAM based temperature
triggered actuators. Bilayer actuator is composed of PNIPAM with cross linker and
thermoplastic polyurethane. The bending is caused by difference in actuation behavior of
isotropic swelling solid film and anisotropic PNIPAM. With the increase of PNIPAM
layer thickness, bending ability also increases.(S. Jiang, Liu, Lerch, Ionov, & Agarwal,
2015) Mainstream applications of electrospun TRPs however, still focusing on biological
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applications such as cell culture(Sharma et al., 2012), controlled drug release(M. Chen,
Li, & Besenbacher, 2014), bio-separation(Song, Wang, & Wang, 2011), etc.
Kung. HH’s group proposed the application of a UCST polymer, poly(sulfobetaine)
modified graphene oxide as a thermally responsive membrane and to be used for LIBs,
schematics shown in Figure 1.14 a. It was proposed that once UCST is reached, due to
uncoil of PMABS, the zwitterions in the polymers would interact with electrolyte ions,
thus hindering ion flux through the membrane.(Shen et al., 2014a) Cui.Y’s group from
Stanford University proposed the application of electrospun core-shell microfiber as
thermally responsive, controlled release of flame-retardant separator in LIBs. Typical
flame retardant triphenylphosphase was adopted as the core component and
poly(vinylidene fluoride–hexafluoropropylene) (PVDF-HFP) as the shell. Instead of
utilizing ion trap or coverage of active sites to hinder electrochemical performance, Cui’s
work relies solely on the flame retardant to eliminate parasitic thermal hazards, see Figure
1.14 b.(K. Liu et al., 2017) However, due to melting of PVDF-HFP under high temperature,
this function is irreversible. Similar work also reported by Cao.YL’s group where
electrospun poly(lactic acid) (PLA)@poly(butylene succinate) (PBS) was used as separator
in LIBs. It is proposed due to separator pores to be closed during heating, LIBs could be
shut down and prevent subsequent thermal runaway from happening. PLA@PBS
electrospun fibers was reported has lower shut down temperature and higher electrolyte
affinity comparing to typical Celgard 2325 separator (PE/PP).(X. Jiang, Xiao, Ai, Yang, &
Cao, 2017) Again, due to destructive melting that occurs under high temperatures, this
pore-closing function of PLA@PBS is not a reversible process.
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Figure 1.14 a) Graphene oxide modified with PMABS, zwitterions would interact with
active ions at UCST, contributing to inhibited ion migration and LIBs capacity at high
temperatures.(Shen et al., 2014a) b) Core-shell structured electrospun microfiber
composed of flame retardant and dissolvable shell copolymer, flame retardant will be
released once polymer shell be melted.(K. Liu et al., 2017)
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1.6 Dissertation outline
This doctoral work is dedicated to understand TRP’s phase behavior in aqueous
and organic medium and the corresponding electrochemical perfromances, with the
intention to utilize these temperature induced effects to enhance thermal stability, and
address thermally related hazards inherited in electrochemical devices such as LIBs and
SCs. The approach taken here was to first establish a firm ground to understand a typical
TRP, poly(N-isopropyl acrylamide) (PNIPAM)’s phase behavior in aqueous electrolyte by
adopting proper material synthesis and electrochemical testing methods. Next, equipped
with better understanding of PNIPAM’s phase behavior, applying PNIPAM as a separator
material in supercapacitors to further explore and confirm capacitance reduction and its
potential to prolong SC’s service life. Finally, a recently discovered TRP in organic
medium, poly(2-chloroethyl vinyl ether-alt-maleic anhydride) or poly(CVE-MA) was
investigated in common LIB’s organic electrolyte and applied in LIBs as thin film to
investigate its temperature responsive behavior and the corresponding capacity and
impedance change. This dissertation consists of four main chapters, chapter two and three
are devoted to the solution property and application of PNIPAM in aqueous
supercapacitors. Chapter four is dedicated to PNIPAM@CNTs synthesis and prove its
feasibility to reversibly control electrochemical reactions at higher temperatures. Chapter
five is dedicated to the study of solution and electrochemical properties of poly(CVE-MA)
included LIBs.
Chapter two describes the synthesis, experiment design and testing of PNIPAM
included aqueous electrolyte based supercapacitors. The electrolyte solutes contain either
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sulfuric acid or potassium ferricyanide (III) to represent typical EDLC and pseudo
capcacitors. The overall objective of this work is to investigate possible temperature
induced phase separation and change of solution property of PNIPAM as solute in
electrolyte and its feasibility to inhibit high temperature electrochemical reactions and the
resultant capacity degradation/ageing issues.
Chapter three further explores the possibility of utilizing PNIPAM wet cast thin
film as separator materials in aqueous supercapacitors. Thin film properties such as surface
morphology, elemental composition, hydrophilicity and PNIPAM diffusion test was
carried out to study PNIPAM thin film’s behavior at room temperature and elevated
temperatures before electrochemical testing was carried out. Different thicknesses of
PNIPAM thin films were fabricated and tested to confirm its capacitance inhibiting
capability and thickness dependency. The overall objective of this work is to further
understand PNIPAM’s LCST behavior in aqueous electrolyte and to establish certain
degree of controllability over electrochemical performance at high temperatures with a
more practical material format, and address ageing issue of supercapacitors.
Chapter four dedicated to the synthesis of PNIAPM@CNTs and its application as
electrode in supercapacitors. Acid treatment on CNTs surface was first carried out and then
a “graft from”, free radical polymerization was carried out to graft PNIPAM chains onto
CNTs surface. Hydrophilicity shift was confirmed by contact angle measurement and
electrochemical test such as cyclic voltammetry, electrochemical impedance spectroscopy
were used to evaluate the feasibility of applying TRP surface modified electrode materials
to achieve thermally stable electrochemical device.
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Chapter five describes the synthesis, coin cell design and testing of the solution
properties of poly (CVE-MA) in common carbonate based electrolyte of LIBs. Solutions
composed of poly(CVE-MA) and other mixtures, which include medium polar butyl
acetate, non-polar cyclohexane and polar ethylene carbonate and dimethyl carbonate were
prepared and evaluated for their LCST behavior at room temperatures and elevated
temperatures. Different ratio between polar and non-polar solvent were investigated due to
its significant effect upon the corresponding solution and electrochemical properties. The
electrochemical properties of the poly(CVE-MA) included LIBs was tested in common
coin cell configuration. The electrochemical performance’s temperature dependencies
were investigated at normal and 80 °C. The objective of this work is to demonstrate the
feasibility of applying poly(CVE-MA) as temperature responsive material in LIBs and
inhibit LIB’s performance at abnormal temperatures, and ultimately preventing thermal
runaway from happening in LIBs.
Publications from the author at the time of dissertation submission include the
following:
1) H. Jiang, M. E. Roberts, Achieving Thermally Stable Supercapacitors with a
Temperature Responsive Electrolyte. J. Mater. Sci. Mater. Electron. Under
Review (2018)
2) H. Jiang, R. Emmett, M. E. Roberts, Building Thermally Stable Supercapacitors
Using Temperature-Responsive Separators. J. Appl. Electrochem. Under Review
(2018)
3) H. Jiang, M. E. Roberts, Achieving Thermally Stable Li-ion Batteries with a
Temperature Responsive Interface. J. Mater. Sci. In preparation (2018)
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4) R. K. Emmett, M. J. Kowelske, H. Mou, H. Jiang, M. Grady, M. E. Roberts,
Creating Faradaic Carbon Nanotubes with Mild Chemical Oxidation. In preparation
(2018)
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CHAPTER TWO
SOLUTION AND ELECTROCHEMCIAL PROPERTIES OF TEMPERATURE
RESPONSIVE POLYMER BASED ELECTROLYTES

2.1 Introduction
Studies about TRPs behavior in aqueous medium is always the fundamental basis
for further explorations for their wide variety of applications. Over the past decades, studies
about TRPs that can perform effective phase separation behavior in aqueous medium have
achieved great progress both in the area of understanding of basic mechanism and practical
applications.(Boutris et al., 1997; Lutz, Akdemir, & Hoth, 2006; Schild, 1992) It is also
delighted to see that emerging applications ranging from biomedical(Ashraf et al., 2016),
drug delivery(Mura, Nicolas, & Couvreur, 2013), sensor(Shen et al., 2014b), smart gating
material(H. Liu et al., 2018) have achieved promising results. Applications of TRPs in the
area of electrochemistry thus could stand on their shoulders and benefit from their
achievements.
Advanced energy storage technology has been the pivotal research topic for today’s
ever-growing energy-consuming society. The intermittent nature of wind and solar energy,
wide spread electrification of transportation, applications of smart portable devices all
request powerful and more reliable energy storage systems.(Z. Chen et al., 2016; Patrice
Simon, 2014) Supercapacitors are featured by high power density and long service life, and
have been widely adopted in areas of transportation and smart grid storage.(Augustyn,
Simon, & Dunn, 2014; Kötz et al., 2010) However, issues like ageing, which is induced by
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high temperature driven kinetics, electrolyte decomposition, high voltage, and built-up heat
within stacked supercapacitors, would lead to shortened service life and uncontrollable
performances under extreme conditions.(Azaïs et al., 2007; Bohlen, Kowal, & Dirk Uwe,
2007; Bohlen, Kowal, & Sauer, 2007; Kötz et al., 2010) Ageing issue in supercapacitors
thus must be tackled if wide acceptance and application of this technology would be
applied to the area of large scale stationery energy storage and electric vehicles (EVs). The
energy storage mechanism of supercapacitors, although is electrostatic in nature, the
capacitance would deteriorate if cells are operate out of boundary conditions. The ageing
rate would double if the voltage is increased by 100 mV or the temperature is increased by
10 K under specific conditions.(Azaïs et al., 2007; Bohlen, Kowal, & Sauer, 2007) Sakaa
et al. used BMW driving systems to evaluate temperature effect for ageing in SCs installed
in vehicle power braking systems, and it was found that even at 50 °C, efficient cooling is
needed in order to prevent ageing from aggravating.(Ahmad, Wan, & Isa, 2018)
Materials wise, TRPs attract interests due to their environmental sensing capability,
structural tunability and reversibility.(Stuart et al., 2010) Among various TRPs, Poly(Nisopropylacrylamide) (PNIPAM) has been studied for several decades as a gateway to
understand TRP’s behavior in aqueous media.(Schild, 1992) It has a low critical solution
temperature (LCST) around 32 °C, during which the polymer chains progressively shift
from a hydrophilic state to hydrophobic state, i.e. a coil-to-globule transition due to
breakage of hydrogen bonding between amide group and surrounding water molecules,
schematic shown in Figure 2.1 a and b.(Heskins & Guillet, 1968; Schild, 1992) The
relationships between tethered/untethered PNIPAM chains’ phase separation and affecting
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factors such as solute salt concentration, ion type, molecular weight, grafting density have
been reported by many groups.(Kyle N. Plunkett, 2006; X. Zhu, 2006; S. F. Yanjie Zhang,
David E. Bergbreiter, Paul S. Cremer, 2005; S. F. Yanjie Zhang, Laura B. Sagle, Younhee
Cho, David E. Bergbreiter, Paul S. Cremer, 2007; G. Zhang & C. Wu, 2009)
Herein, with the intention to (1) enhancing thermal stability of SCs; (2) break the
thermal loop of self-accelerating reaction; (3) inhibit electrochemical reactions at high
temperatures, it is proposed that direct integration of PNIPAM into supercapacitor’s
electrolyte, and tested at three-electrode beaker cell and coin cell for electrochemical
performances at various temperatures, schematics for coin cell testing configuration and
optical pictures showing PNIPAM phase transition are shown in Figure 2.1 a, b.
Schematics for three-electrode beaker cell is shown in Figure 2.2. The meaning of these
experiments hold several folds: 1) To prove integration of PNIPAM into electrolyte could
deliver reversible, equivalent capacitance reduction comparing to PNIPAM based
copolymers; 2) To prove PNIPAM-added electrolyte could effectively mitigate both
electrical double layer capacitance (EDLC) and faradaic reactions under high temperatures;
and 3)To understand capacitance reduction mechanism offered by PNIAPM phase
behavior in aqueous media; 4) To prove TPR’s phase transition as a potential approach to
suppress self-accelerating reactions, and therefore address ageing in supercapacitors.
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Figure 2.1 a) Digital pictures showing PNIPAM phase transition. The left panel shows the
liquid state at 32 C and the right panel shows the precipitated state at 70 C. b) Illustrative
schematics of supercapacitors composed of a PNIPAM-based temperature responsive
electrolyte. The left panel shows the liquid state (32 C) where ions are free to migrate and
interact with the electrode. The right panel shows the behavior above the LCST (70 C), in
which the PNIPAM chains precipitate and block active sites on the electrode surface,
inhibiting ion migration and adsorption. c) Molecular structure of PNIPAM polymer.
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Figure 2.2 Schematic of three-electrode beaker cell and optical pictures showing PNIPAM
phase transitions. Three-electrode beaker cell was adopted for initial prove of ideas.

2.2 Experimental
2.2.1 Materials
N-isopropylacrylamide (NIPAM) (Acros, 113 MW) was recrystallized in hexane
before polymerization was carried out. Tetramethylethylenediamine (TEMED) (Amresco,
ultra pure grade), ammonium persulfate (APS) (EMD), C-grade multi walled CNTs (NTL
composites), sodium dodecyl sulfate (Sigma-Aldrich), potassium ferricyanide (III) (SigmaAldrich) were used as purchased without further purifications.

2.2.2 Synthesis of poly (N-isopropylacrylamide)
PNIPAM was polymerized through free radical polymerization. 10 g or 88 mmol
of NIPAM and 100 ml of deionized water were mixed together in a two-neck flask and left
in ice bath for better dissolve. After 30 mins of nitrogen purging, TEMED (0.25 g, 2 mmol)
and APS (0.25 g, 1 mmol) were added into the reaction solution. Under nitrogen, the
reaction was left for 12 h under room temperature. The solution was then rotovapped and
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dissolved in tetrahydrofuran and precipitated in ether. The product was then vacuum dried
and ready for use.

2.2.3 Preparation of electrolyte and electrode
0.5 M of sulfuric acid solution and a mixture of 0.1 M potassium ferricyanide
(III)/0.5 M of sulfuric acid solution were prepared to be used as electrolyte for the control
and the experimental. In terms of solute, 50 mg/ml PNIPAM was added into the electrolyte
to be tested as experiment batch. Bucky paper CNTs was selected as electrode material for
its mechanical and chemical stability. Vacuum filtration method was used to fabricate
CNTs bucky papers and a 1.5 cm x 4 cm rectangular shape electrode was cut down for the
three-electrode beaker cell testing, the average mass of a single electrode was 10 mg; ½
inch punch was used to punch out round shape CNTs electrode for coin cell testing, the
average mass of a single electrode was 7.5 mg. Solution temperatures were calibrated and
controlled by using a standard hot plate, thermometer and oil bath. The heating rate was
estimated around 0.35 °C/min and at each testing temperature, the solution’s temperature
was kept for 0.5 h before testing.

2.2.4 PNIPAM and electrochemical characterization
Selerity Series 4000 SFC Supercritical Fluid Chromatography (GPC) was used to
identify the molecular weight of the PNIPAM product.
Electrochemical analysis of H2SO4-CNTs (denoted as H2SO4), potassium
ferricyanide/H2SO4-CNTs (denoted as Fe(CN)63-), PNIPAM added H2SO4-CNTs (denoted
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as H2SO4-PNIPAM), PNIPAM added Fe(CN)63- (denoted as Fe(CN)63--PNIPAM) were
carried out in order to investigate how PNIPAM’s phase transition is going to affect
electrochemical performance. Three-electrode beaker cell in conjunction with VersaSTAT
4 potentiostat/galvanostat and VersaStudio v1.50 Electrochemistry Software (Princeton
Applied Research) were adopted for the first part of the experiment. The three-electrode
beaker cell was comprised of a Bucky paper CNTs working electrode with an area of 6
cm2, a 100 x 100 stainless steel mesh as counter electrode, Ag/AgCl/KCl (sat’d, aq) as
reference electrode, the 50 ml beaker’s dimension is 4 cm in diameter and 5.5 cm in height.
The cell was then put into silicone oil bath and ready to be heated up. Cyclic voltammetry
(CV) with a proper potential window was selected for EDLC and faradaic systems.
The specific capacitance of the CNTs electrodes were calculated from CV curves
according to: C =

∫ I dV
km∆V

where C is specific capacitance (F g-1), I is current (A), V is

potential (V), k is potential scan rate (mV s-1), ∆V is potential window, and m the mass of
the active material of the electrode (g). The electrochemical impedance spectroscopy (EIS)
was performed to analyze the solution resistance, charge transfer resistance under different
temperatures, the frequency range was set from 0.1 Hz to 10000 Hz. The electrochemical
tests were conducted under 25 °C, 32 °C, 40 °C, 55 °C and 70 °C. A symmetric
supercapacitor type 2025 coin cell of potassium ferricyanide/H2SO4-CNTs and PNIPAM
added potassium ferricyanide/H2SO4-CNTs was later built to evaluate galvanic charge
discharge performance at 70 °C.
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2.3 Results and discussion
2.3.1 PNIPAM based electrolyte characterization
The molecular weight (MW) of the polymer was ca. 21, 000 g/mol, as determined
using GPC in THF solutions and reported as a polystyrene equivalent weight. It is also
interesting note that the MW reported for untethered PNIPAM chains to perform chain
precipitation is much less demanding than end-tethered counterpart, which normally
requires an Mw of 1.3×107 g/mol to decrease 7 folds in dilute solution (∼6.7 × 10-7
g/mL).(X. Wang, Qiu, & Wu, 1998; X. Zhu, 2006) This may imply the TRPs surface
modified electrode for high temperature applications is challenging if not impossible. Test
of reversibility of phase transition was also evaluated by putting sample vials into fridge
(0 °C) and under 25 °C and by heating between room temperature and 70 °C, shown in
Figure 2.2. It can be observed from the heating test that once LCST is reached, PNIPAM
gradually precipitates out and becomes gel-like. It was also found that it usually took less
than 5 s for the sample solution to return to transparent in the fridge, while it took 2 mins
for the sample to return to transparent under 25 °C, indicating it takes much more effort for
PNIPAM chains to be dissolve back into the solution than precipitating out.

2.3.2 Electrochemical measurement
In an EDLC, the impedance is mainly dominated by several factors, 1) at lower
frequency range, the charge transfer resistance (Rct) between the electrolyte-electrode
interface, 2) at high frequency range, the solution resistance (Rs), which identifies the
diffusion of conductive ions within the electrolyte and 3) Warburg zone usually identifies
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the ion diffusion within electrode material. In Figure 2.3 a, it can be seen that with
increasing temperatures, Rs decreased gradually from around 3.0 Ω under 25 °C to 2.1 Ω
under 70 °C. Rct from 0.4 Ω to less than 0.1 Ω. These imply that ions migrate and adsorb
more easily under higher temperatures. In comparison, in Figure 2.3 b, instead of decrease
of impedance, both Rs and Rct increased at higher temperatures. Rs changed from 3 Ω to
7.5 Ω when temperature changed from 25 °C to 70 °C. A much more obvious shift was
observed for Rct. It increased from around 10 Ω to 45 Ω. It is therefore proposed that the
increase was caused by PNIPAM chain precipitation, blocking active sites on the electrode
surface and raised Rct. Figure 2.3 c showed similar trend when compares to control group
H2SO4’s EIS in Figure 3a. While no obvious semi-circles are observed in Figure 2.3 d, it
still shows increased Rs, from less than 3 Ω under 25 °C to 3.5 Ω under 70 °C. While there
is no significant change of Warburg slope from Figure 2.3 c, Figure 2.3 d shows a more
diffusion controlled behavior under higher temperatures, suggesting phase transition of
PNIPAM could impose more significant impact upon large sized ion’s migration.
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Figure 2.3 Nyquist plots of supercapacitors containing different electrolyte solutes,
representing either EDLC or pseudo capacitors, a) H2SO4, b) H2SO4-PNIPAM, c)
Fe(CN)63-, d) Fe(CN)63--PNIPAM under different temperatures, ranging from 25 °C to 70
°C.

CV tests were conducted to understand the effects of temperature upon EDLC and faradaic
systems. In Figure 2.4a, H2SO4 showed near rectangular shape CV curves, indicating
EDLC behavior. The CV shapes slowly swelled with the increasing temperatures, which
is in accordance with Figure 3c, in which the specific capacitance of H2SO4 changed from
11.02 F/g to over 13 F/g once temperature reached at 70 °C, standard deviation (σ) of the
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data is 0.21. In Figure 3b, however, the shape shrank starting from 32 °C, from 12 F/g to 6
F/g, σ=0.25. Specific capacitance was then changed from 6 F/g at 32 °C to 9 F/g at 55 °C,
and to 7 F/g at 70 °C (σ=0.33). This fluctuation may occur due to competition between
temperature favored kinetics of ion migration and inhibiting effect provided by PNIPAM
phase transition. Based on the phenomenon been observed, it is proposed that for H2SO4PNIPAM, at LCST, due to PNIPAM begin to phase separate, increased viscous drag
induced by tortuous macrostructure of hydrogel greatly hinders the ion migration once
phase transition begins. The competition between the two mechanisms continues along the
temperatures until further expulsion of water molecules occur at 70 °C. Chen X. et al. also
reported similar phenomenon in which gel like electrolyte could suppress active ion
migration in the device.(H. Yang et al., 2015) Increased Rs and Rct also backed up this
hypothesis. With the increasing temperatures, the Arrhenius kinetics of ion migration
continue to compete with the inhibiting effect.
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Figure 2.4 Cyclic voltammetry for EDLCs containing different electrolyte solutes, a)
H2SO4, b) H2SO4-PNIPAM, scan rate 0.1 V/s, and bar charts of specific capacitance change
for c) H2SO4 and d) H2SO4-PNIPAM, testing temperatures ranging from 25 °C to 70 °C.

Figure 2.5a shows redox behavior of potassium ferricyanide (III), with anodic peak been
observed range from 0.2 V to 0.4 V, and the cathodic peak range from 0.2 V to -0.2
V.(Perenlei, Tee, Yusof, & Kheng, 2011) The capacitance was thus contributed by EDLC
and redox capacitance. Due to more battery like behavior offered by potassium ferricyanide
(III) redox salt, a slower scan rate, 0.01 V/s was adopted to ensure redox reactions to occur.
It can be seen from Figure 2.5b that the redox peaks were inhibited when comes to
Fe(CN)63--PNIPAM, of which the specific capacitance dropped from 11.9 F/g to 5.8 F/g
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(σ=0.31). EIS showed both Rs and Rct increased when the temperature was increased, thus
the mitigated capacitance performance can be ascribed to slower migration of Fe(CN)63under higher temperatures due to its large ion size and increased Rct between electrodeelectrolyte interface. This phenomenon also rings the bell that these redox reaction
mitigating phenomenon could provide a potential approach to suppress hazardous redox
reactions such as metal corrosion.

Figure 2.5 Cyclic voltammetry for pseudo capacitors containing different electrolyte
solutes, a) Fe(CN)63-, b) Fe(CN)63--PNIPAM, scan rate 0.01 V/s, and c) bar charts of
specific capacitance change for c) Fe(CN)63-, d) Fe(CN)63--PNIPAM, testing temperatures
ranging from 25 °C to 70 °C.
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The trend of specific capacitance change for the psudocapacitance was investigated
further at different temperatures and scan rates, which can be found in Figure 2.6. As Figure
2.6 a suggested for PNIPAM included batch, a capacitance drop was first recorded, which
was ascribed to the initial precipitation of PNIPAM chains on the electrode surface and
hydrophilic to hydrophobic shift, which caused expulsion of water molecules. However,
with increasing temperatures, namely from 32 °C to 55 °C, an increase of capacitance was
recorded. This could be happening due to the fact that under slow scan rates and during
these mid-range temperatures, temperature favored ion diffusion kinetics were compete
with capacitance inhabitance effect, slower scan rates also allow sufficient time for ions to
migrate to the electrode surface. Once 70 °C is reached, due to further expulsion of water
molecules around polymer chains, the drag or migration hindrance active ions experience
once again increased, this causing the pseudo capacitance to drop again.(Boutris et al.,
1997) The control batch on the other hand, experiences no such trend, a positive correlation
between specific capacitance and temperature was observed under different scan rates.
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Figure 2.6 Specific capacitance vs. temperature under different scan rates for pseudo
capacitors, a) Fe(CN)63--PNIPAM and b) Fe(CN)63-.

In order to investigate supercapacitor’s cycling ability, i.e. capacity degradation
under high temperatures, galvanic charge discharge was carried out, and Fe(CN)63- and
Fe(CN)63-PNIPAM batch were assembled into type 2035 coin cells. As can be seen from
Figure 2.7 a, at 70 °C, Fe(CN)63-’s specific capacity gradually deteriorate from first cycles
2.5 mAh/g to 500 cycle 2.1 mAh/g, namely a 15% decrease. This reduction is accredited
to the fact that ageing was accelerated under high temperatures due to loss of contact within
the electrode materials.(Abubakar et al., 2017) In comparison, less than 2.5% of capacity
decrease was observed for Fe(CN)63-PNIPAM groups. Current density was set at 5 mA to
ensure proper charge and discharge, preventing overcharge and over discharge from
happening.
The overall performance evaluations of PNIPAM integrated electrolyte was proved
to be an effective method to slow down ageing and provide stabilized capacitive
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performance under high temperatures. This phenomenon also rings the bell that these redox
reaction mitigating phenomenon could provide a potential approach to suppress hazardous
redox reactions such as metal corrosion. It can be generalized that under slow scan rates
and high temperatures, the capacitance reduction effect gradually wanes, which is caused
by competition between temperature favored ion migration kinetics and TRPs capacitance
braking effect.

Figure 2.7 Galvanic charge/discharge curves for pseudo capacitors, a) Fe(CN)63- and b)
Fe(CN)63-PNIPAM under 70 °C, current density was 5mA.
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2.4 Conclusions
In summary, it has been proved that a direct integration of PNIPAM into aqueous
supercapacitors could deliver equivalent and reversible capacitance reduction for both
EDLC and faradaic capacitance at high temperatures when compared to other approaches,
such as PNIPAM copolymer. With the capacitance be reduced at elevated temperatures
and the resultant ion migration, self-accelerating reactions be hindered, a better cycling
stability at high temperature was successfully achieved. Also, competition between
PNIPAM’s temperature induced capacitance hindrance and temperature favored ion
diffusion kinetics was also observed.
The experiments performed have shown great promise for regulating
supercapacitor’s performances at normal and elevated temperatures. However, the
application of this technique may still be hindered by the following factors: 1) slow
recovery rate, and 2) inefficient synthesis route. Precipitated polymer chains tend to stick
to electrode’s surface even after temperature is returned to room temperature, making the
recovery rate relatively slow. Besides, PNIPAM’s LCST behavior in sulfuric acid,
although very similar to that in the DI water, still needs further investigations, since people
have reported surface wetting property connections between pH, monomer ratios, etc.(Lu
et al., 2013) Lastly, investigations of TRPs be integrated into other cell components, i.e.
separator or electrode is suggested. TRPs that exhibit LCST/UCST either in ionic liquid or
organic electrolytes are needed to be investigated in order to expand this technique to
common LIBs.
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CHAPTER THREE
THIN FILM AND ELECTROCHEMICAL PROPERTIES OF
TEMPERATURE RESPONSIVE POLYMER BASED SEPARATOR

3.1 Introduction
In the past several decades, with the development of energy storage technologies
such as lithium ion batteries (LIBs) and supercapacitors, people have witnessed
tremendous enhancement in energy/power density and cycling stability due to introduction
of novel electrode materials and smart material structure designs.(González, Goikolea,
Barrena, & Mysyk, 2016a; Goodenough & Park, 2013; Patrice Simon, 2014; Zuo, Zhu,
Müller-Buschbaum, & Cheng, 2017) However, parasitic side reactions such as thermal
runaway may occur under circumstances such as electrolyte decomposition, mechanical
shock and piercing, overcharge/discharge, overheating, etc.(Ouyang et al., 2015; Q. Wang
et al., 2012) The end result is accumulated heat due to accelerated reactions that may finally
lead to hazards in LIBs and degraded performance in supercapacitors known as
ageing.(Bohlen, Kowal, & Sauer, 2007; Kötz et al., 2010; Q. Wang et al., 2012) In a
supercapacitor, the major energy storage mechanism is electrostatic, or electric double
layer capacitor (EDLC) in nature, namely electrical charge would first travel to charged
electrode and adsorb onto electrode surface when potential is applied.(L. L. Zhang & Zhao,
2009) However, when high temperatures or voltages is present, decomposition of
electrolyte and side reactions would greatly shorten the life expectancy of the
supercapacitor. It has been reported, assuming leakage current is proportional to ageing
rate, ageing of the capacitor is accelerated by a factor of 1.5-2 for an increase of the
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maximal cell voltage by 0.1 V. An increase of the temperature of 10 °C will also result in
an accelerated ageing factor between 1.7 and 2.5.(Azaïs et al., 2007; Bohlen, Kowal, &
Sauer, 2007; Kötz et al., 2006)
As a typical temperature responsive polymer (TRP), PNIPAM has been
investigated since 1960s as a gateway to understand TRP’s phase change behavior in
aqueous media.(Boutris et al., 1997; Heskins & Guillet, 1968; Schild, 1992) It has a lower
critical solution temperature (LCST) around 32 °C under atmospheric conditions. Once
LCST is reached, the polymer chains progressively shift from a hydrophilic state to
hydrophobic state, i.e. a globule-to-coil, phase transition due to breakage of hydrogen
bonding between amide group and surrounding water molecules.(Heskins & Guillet, 1968;
Schild, 1992) The relationships between tethered/untethered PNIPAM chain’s phase
separation and affecting factors such as solute salt concentration, ion type, molecular
weight, and grafting density have been reported by many groups.(Kyle N. Plunkett, 2006;
X. Zhu, 2006; S. F. Yanjie Zhang, David E. Bergbreiter, Paul S. Cremer, 2005; S. F. Yanjie
Zhang, Laura B. Sagle, Younhee Cho, David E. Bergbreiter, Paul S. Cremer, 2007; G.
Zhang & C. Wu, 2009; Yanjie Zhang et al., 2007; Zhu, Yan, Winnik, & Leckband, 2007)
Till present, the principle application areas of PNIPAM still focus on areas such as
controlled drug delivery(M. Chen et al., 2014; Elashnikov et al., 2016), biomedical(J.
Wang et al., 2011), smart gating material(H. Liu et al., 2018; Tu et al., 2017),
sensors(Thakur, Baji, & Ranganath, 2017), etc.
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Previous attempts to tackle thermal runaway such as integrating pressure-releasing vent,
controlled release of flame retardant(Z. Chen et al., 2016; Otsuki, Ogino, & Amine, 2006),
design rational management system, and cooling channels for battery stacks(Alaa Hijazi,
2012; Basu et al., 2016) may still suffer disadvantages such as irreversibility and slow
response rate.
In this work, based on the knowledge relates to PNIPAM’s phase behavior on
aqueous medium and with the intention to break electrochemical reaction thermal loop, a
sandwiched separator composed of poly propylene (PP)/PNIPAM/PP, fabricated by facile
wet casting method and tested experimentally in the coin cell configuration, is proposed
and investigated. Schematic shown in Figure 3.1. Due to PNIPAM’s hydrophilicity under
room temperature, PP films are used to encapsulate PNIPAM film. It is proposed that under
normal temperatures, PP/PNIPAM/PP would allow active ions to migrate between
electrodes. Once temperature raised above the LCST, due to transition from hydrophilicity
to hydrophobicity of PNIPAM, ion migration through separator will be greatly hindered
accredited to steric hindrance of solvated ions. The precipitated polymer chains reside upon
PP would also increase charge transfer resistance due to blockage of PP’s nano-sized pores,
rendering a capacitance reduction of both EDLC and redox reactions under high
temperatures.
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Figure 3.1 Schematic of a symmetric coin cell supercapacitor (both electrodes are carbon
nanotubes). This design permits normal ion migration at normal temperatures and ion
migration hindering once temperature is raised beyond LCST, the inset shows cross
sectional view of PP/PNIPAM/PP film.

3.2 Experimental
3.2.1 Materials
N-isopropylacrylamide (NIPAM) (Acros, 99%, 113 MW) was recrystallized in
hexane before polymerization was carried out. Tetramethylethylenediamine (TEMED)
(Amresco, ultra pure grade), ammonium persulfate (APS) (EMD), C-grade multi-walled
carbon nanotubes (NTL composites), sodium dodecyl sulfate (Sigma-Aldrich, 98.5%),
potassium ferricyanide (Sigma-Aldrich, 99%), sodium hydroxide, and sulfuric acid
(Sigma-Aldrich) were used as purchased without further purifications.
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3.2.2 Fabrication of PNIPAM based thin films
PNIPAM was polymerized through free radical polymerization. 10 g or 88 mmol
of NIPAM and 100 ml of DI water were mixed together in a two-neck flask and left in ice
bath to better dissolve the NIPAM. After 30 mins of nitrogen purging, TEMED (0.25 g, 2
mmol) and APS (0.25 g, 1 mmol) were added into the reaction solution. Under nitrogen,
the reaction was left for 12 h under room temperature. The solution was then rotovapped,
dissolved in tetrahydrofuran (THF), and precipitated in ether. The product was then
vacuum dried and ready for use. 10 wt% PNIPAM water solution was then prepared and
cast onto glass plate using a doctor blade, blade height was adjusted to 20 mm. The film
was then dried in heated vacuum oven overnight. Product PNIPAM film was then punched
out and pressed together with Celgard PP films (average pore size, 42 nm) using a hydraulic
crimping machine, see Figure 3.2. Three different thicknesses, namely single-layer
(denoted as S-PNIPAM), double layer (D-PNIPAM) and tri-layer (T-PNIPAM,) of
PNIPAM films were investigated in order to understand the relationship between PNIPAM
film thickness and corresponding electrochemical performances.
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Figure 3.2 Visual observation of PNPAM film. Actual separator was made by crimping
PNIPAM film in between two Celgard PP separators.

3.2.3 Electrochemical analysis
Bucky paper multi-walled carbon nanotubes was picked as electrode material for
mechanical and chemical stability. Filtration method was adopted and a round electrode of
diameter 1.27 cm was punched out for electrochemical tests, the average mass of a single
electrode was 8 mg. Coin cell temperatures were calibrated and controlled by using a
heating oven. The heating rate was estimated 1 °C/min, the coin cell was kept for 0.5 h
after 70 °C was reached before electrochemical tests were carried out. Electrochemical
analysis of pure CNTs (denoted as CNTs), S-PNIPAM, D-PNIPAM, and T-PNIPAM
systems were tested with 0.5 M NaOH electrolytes. Redox electrochemical experiments
were conducted with pure CNT systems (denoted as F-CNTs, F stands for faradaic) and
single-layer PNIPAM (denoted as F-S-PNIPAM) with 0.5 M H2SO4/potassium
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ferricyanide electrolytes. This was performed to analyze the separator’s phase transition
under redox conditions. Type 2025 Coin cells in conjunction with VersaSTAT 4
potentiostat/galvanostat and VersaStudio v1.50 Electrochemistry Software (Princeton
Applied Research) were used throughout the electrochemical tests. The specific
capacitance of the electrodes were calculated from CV curves according to: C =
∫ I dV
km∆V

where C is specific capacitance (F g-1), I is current (A), V is potential (V), k is

potential scan rate (mV s-1), ∆V is potential window, and m is the mass of the active
material in the electrode (g). The electrochemical impedance spectroscopy (EIS) was
performed to analyze the solution resistance, charge transfer resistance, frequency range
was set from 0.1 Hz to 100,000 Hz. Galvanic charge/discharge (GCD) was conducted
under 2.5 mA to evaluate capacity and later cycling stability at 70 °C. The electrochemical
tests were conducted under 25 °C and 70 °C.

3.3 Results and discussion
3.3.1 PP/PNIPAM/PP thin film characterization
The molecular weight of the polymer was ca. 21,000 g/mol, as determined using
GPC in THF solutions and reported as a polystyrene equivalent weight. Digital pictures of
contact angle measurements can be observed from Figure 3.3 a, b, under 25 °C, the contact
angle between PNIPAM surface and water was around 50°comparing to near 90°under
70 °C. This implies a significant interface property shift from hydrophilic to hydrophobic
in structure.
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Figure 3.3 a) Water-PNIPAM contact angle at 25 °C and b) at 70 °C. PNIPAM thin film
was taped onto a glass plate and then put onto heating element.

PNIPAM thin film’s surface morphology can be observed from Figure 3.4 a and b.
Micron sized pores can be found throughout the film surface. It can be estimated from
Figure 3.4 a that the average pore size present in the film was approx. 1 μm and polymers
were agglomerated together forming a porous network structure. A cross sectional view of
thin film revealed the thickness of a single layer of PNIPAM thin film was ~ 20 μm and
pores can be found within the bulk of the film, which were possibly formed during drying
and evaporation of the solvent. Note that the bottom white area is the downside of the film
due to tilted positioning of sample mounting. EDS confirmed major elements, such as
nitrogen contained in amide groups accounted for 10.8 wt% in the film, see Figure 3.4 c.
Porosity of the thin film was determined by using ImageJ analysis software, the porosity
was determined to be around 12%.
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Figure 3.4 Scanning electron microscopy of a) surface morphology of PNIPAM film, the
average pore size was around 1 μm; b) cross sectional view of PNIPAM film, the thickness
of a single layer was ~ 20 μm, c) elemental dispersive spectroscopy of PNIPAM film; d)
ImageJ analysis of thin film porosity.

PNIPAM chains hydrodynamic size or radius of gyration was calculated based on
Rg=l(√M/M0)/√6, where l is the effective segmental length of monomer, M is the total MW
of the polymer and M0 is the weight of a single monomer. Assuming l to be equal to 1 nm,
then Rg= 5.56 nm, or a diameter of approx. 10 nm. PNIPAM diffusion tests were carried
out in order to ensure PNIPAM would stay capsuled between PP films. Experiment setup
seen in Figure 3.5. In the control group, PNIPAM film is directly exposed to water
overnight. Two small beakers of DI water were placed beside the stations in order to keep
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moisture osmotic pressure. A large glass plate was then used to cover the whole setup.
Retrieved solution from the control group showed obvious phase transition once
temperature is increased, implying good miscibility of PNIPAM in water. As for the
experimental, water instead diffused into PP/PNIPAM film, proving that PNIPAM chains
cannot escape from PP. This molecule trap can be explained by the large difference
between PNIPAM chains’ hydrodynamic size and small PP nano-sized pores. (approx. 42
nm)

Figure 3.5 DI water was dropped onto either directly on PNIPAM film or PNIPAM/PP.
PNIPAM diffusion test setup was carried out to ensure PNIPAM would remained trapped
within PP, instead of diffuses out.

3.3.2 Electrochemical measurement
CV/EIS/GCD tests were conducted to understand the effects of temperature upon
PP/PNIPAM/PP separators integrated into electrochemical devices and their corresponding
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electrochemical performances. Figure 3.6 a reveal the rectangular shape of the CVs
associated with the control group CNT at 500 mV/s and indicating typical EDLC behavior
with almost no diffusion control. The integrated area of the CV curve swelled by 15% when
the temperature is raised up to 70 °C, indicating increased temperature favors EDLC
kinetics, accelerate ion migration, and thus contribute to increased capacitance. EDLC’s
impedance is mainly dominated by several factors, 1) at mid frequency range, charge
transfer resistance (Rct) manifested between the electrolyte-electrode interface, 2) at high
frequency range, solution resistance (Rs), which identifies the diffusion of conductive ions
within the electrolyte and 3) the lower frequency range is the Warburg zone usually
identifies the ion diffusion within the bulk of electrochemical system. Figure 3.6 b showed
the EIS and GCD of the control experiment. As can be seen from the results, while there
was no significant change in Rs, Rct decreased from 3.25 Ω to 2.5 Ω, indicating enhanced
ion adsorption kinetics at electrode-electrolyte interface. Similar slope in Warburg zone
also suggested parallel diffusion control under 70 °C. GCD results were incoherent in the
sense that it took 400 s to complete the previous 5 cycles while comparing to 500 s when
the temperature was 70 °C.
Figure 3.6 c and d showed the results from T-PNIPAM. As can be seen from Fig.3
c, the integrated area of the CV curves under 0.5 V/s shrank by 40%, or in other words, the
specific capacitance reduced from 375 mF/g at 25 °C to 221 mF/g at 70 °C. Complementary
data from S-PNIPAM and D-PNIPAM’s results can be found in Figure 3.7. The specific
capacity reduction is accredited to PNIPAM thin film’s change of surface hydrophilicity,
which effectively hindering ion migration through the separator. In Figure 3.6 d, it can be
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seen that the Rct increased dramatically comparing to at room temperature, which was
possibly ascribed to the precipitation of PNIPAM onto PP film, blocking PP’s nano-sized
pores, making ion migration through separator/electrode interface much more difficult. EIS
results also indicated the Rs increased from less 10 Ω to around 15 Ω. However the CV
curves’ slope suggest otherwise that Rs or electronic resistance under 70 °C is lower. The
authors hold this contradiction may due to the temperature induced phase separation
causing the simultaneous existence of solid and liquid phases. GCD results confirmed the
capacity of T-PNIPAM degraded at 70 °C which was due to reduced capacitance. It is also
worth noting is the slope of the Warburg zone (Z’’ vs. Z’) decreased from around 70° to
30°, indicating a much more diffusion controlled process under 70 °C. F-CNT and F-SPNIPAM was used to evaluate temperature responsive separator’s capacitance reduction
effect upon redox systems. As can be seen from Figure 3.6 e and f, Fe2+/3+ oxidization and
reduction peaks were observed around 0.05 V and -0.05 V. Both Rct and Rs decreased when
temperature was reduced from 25 °C to 70 °C and this is reiterated through the CV results
which displayed around 25% of specific capacitance increase at 0.1 V/s. In comparison FS-PNIPAM’s specific capacitance dropped by 6% when comparing to its room temperature
counterpart. While no significant Rs was observed, Rct increased from 4.5 Ω to 4.75 Ω,
implying that in the redox system, increased interfacial resistance was mainly accounted
for the decreased capacitance performance. This is possibly due to the large size of solvated
Fe(CN)63- ions and the increased steric hindrances it experiences when migrating through
the separator/electrode interface.
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Figure 3.6 For EDLC, the electrolyte of which is 0.5 M NaOH, a) cyclic voltammetry (0.5
V/s) curves of CNTs under 25 °C and 70 °C and b) Nyquist plot under 25 °C and 70 °C,
inset shows galvanic charge/discharge curves measured under 2.5 mA. c) cyclic
voltammetry (0.5 V/s) of T-PNIPAM under 25 °C and 70 °C and d) Nyquist plot under 25
°C and 70 °C. For pseudo capacitors, the electrolyte of which is 0.5 M H2SO4/potassium
ferricyanide e) CV and Nyquist plot of F-CNTs under 25 °C and 70 °C and, f) CV and
Nyquist plot of F-S-PNIPAM under 25 °C and 70 °C, scan rate 0.1 V/s.
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Figure 3.7 For S-PNIPAM a) cyclic voltammetry at 0.5 V/s, b) EIS and c) previous 5
cycles of galvanic charge/discharge under room temperature and 70 °C. D-PNIPAM e)
cyclic voltammetry at 0.5 V/s, f) EIS and g) previous 5 cycles of galvanic charge/discharge
under room temperature and 70 °C.

The effect of PNIPAM film thickness and scan rate were also evaluated. As can be
seen from Figure 3.8 a, with thicker layers, namely 20 μm, 40 μm and 60 μm, capacitance
changed from positive 15% to negative 40%, which establishes that the thicker the
PNIPAM layer is the more effective the capacitance reduction will be. This observation
can be accredited to the more tortuous path taken by active ions and hindered ions
migration through interface when thicker layer is employed. This results also suggests a
degree of controllability of capacitance this technique can potentially offer, namely ranging
from a small degree of reduction to complete shutdown is feasible. The relationship
between scan rate and capacitance change was also investigated. It can be generalized from
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Figure 3.8 b that the faster the scan rate, the more obvious capacitance reduction would be.
With slower scan rates, the change percentage gradually decreased from -45% at 1 V/s to
-20% at 0.1 V/s. Once the slowest rate (0.01 V/s) is applied, capacitance reduction
disappeared. This phenomenon can be explained by competition between PNIPAM film’s
temperature induced ion-hindering and Arrhenius ion migration kinetics which implies that
under slow enough scan rate, ions will have sufficient time to migrate to electrode surface
despite this process is hindered. This observation also indicates the great benefits of this
technology that the larger capacitance change occurs at faster scan rate, which also
corresponding to where higher power is needed for large format stationary energy storage
devices and region where thermal failure usually occurs.
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Figure 3.8 a) Different sample groups vs. capacitance change percentages, values acquired
by comparing capacitance measured under 25 °C and 70 °C, scan rate 0.5 V/s. b) Scan rate
vs. capacitance change percentage of T-PNIPAM.
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Long time cycling was carried out in order to evaluate cycling stability of CNTs and TPNIPAM. It can be seen from Fig 3.9 a and b, due to ageing took effect under high
temperatures, the specific capacity of CNTs dropped by 8% while comparing to TPNIPAM, which exhibited no significant loss of capacity from 1st to 1000th cycle. This
results suggest that integration of capacitance inhibiting media could potentially stabilize
performance and enhance service life of supercapacitors in high temperatures. In a
demonstration test, LED light was connected in series with charged T-PNIPAM coin cell
in a circuit in order to showcase T-PNIPAM’s thermal response effect upon LED. It can
be observed from Figure 3.9 c that once temperature raised from 25 °C to 70 °C, the LED
light bulb became dimmer, suggesting limited current available under higher temperatures,
which can be accredited to reduced capacitance of T-PNIPAM under high temperatures.
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Figure 3.9 Galvanic discharge curve of 1st, 500th and 1000th cycle for a) CNTs and b) TPNIPAM under 70 °C, current density 2.5mA. c) Capacitance reversibility between
temperatures. d) Thermally responsive performance of a green colored LED, which is
connected in series in a circuit with a T-PNIPAM coin cell, the LED light became dimmer,
indicating halted performance at elevated temperature.

Utilizing TRPs to control electrochemical performances under extreme
temperatures is an active field, the authors thus hold it is worthwhile to present different
approaches taken by researchers towards thermally stable electrochemical devices, some
representative works are shown in Table 3.1. With various intentions in mind, people either
utilized conformational change or physical property shift such as viscosity of TRPs to
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manipulate ion migration and ion adsorption.(H. Yang, Leow, & Chen, 2018) On the other
hand, copolymers of PNIPAM have been synthesized, usually PNIPAM section is
responsible for temperature sensing, and other functional sections can be integrated to
achieve specific goals such as provide more active ions and enhance response rate.(Jesse
C. Kelly et al., 2015; J. C. Kelly et al., 2012; Shi et al., 2016) Attempts have also been
made to synthesize fine-structure temperature responsive copolymers as separator material.
However, issues like reversibility of performance after return to ambient temperature still
persists.(Shen et al., 2014b)
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Table 3.1 Cell configurations and performances of different TRPs-included systems
Configuration

Electrode

Electrolyte

Capacitance

Reference #

(Shi et al., 2016)

Group

Poly(ethylene oxide)Shi.Y etc.

Shen.J etc.

Yang.H etc.

Polypyrrole/

block-poly(propylene oxide)-block-

~90% decrease under 60

activate carbon

poly(ethylene oxide) aqueous solution

°C, 0.1 V/s

Graphene-oxide-g-

Ethylmethyl carbonate & ethyl carbonate

~50% decrease under 80

poly(sulfobetaine)

& LiPF6

°C

Poly(N-isopropylacrylamide-c-

~35% decrease under 70

CNTs

acrylamide) aqueous solution

°C, 0.5 V/s

Polyaniline

Poly(N-isopropylacrylamide-c-acrylic

~80% decrease under 50

acid) aqueous solution

°C, 0.05 V/s

(Shen et al., 2014b)

(H. Yang et al., 2015)

(J. C. Kelly et al., 2012)

J.C.Kelly etc.

0.5 M Sodium hydroxide & 0.5 M
Jiang.H etc.

CNTs

~50% decrease under 70

This work

H2SO4/potassium ferricyanide aqueous
°C, 0.5 V/s
solution

Zhang.P etc.

Poly(N-isopropylacrylamide)-g-

~40% decrease under 60

methylcellulose/0.1 M lithium chloride

°C, 0.2 V/s

PEDOT

(P. Zhang et al., 2018)
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3.4 Conclusions
In this work, it has been proved that sandwiched PP/PNIPAM/PP separators could
effectively reduce capacitance when the device is at high temperatures. By changing
separator thickness, the corresponding capacitance reduction shifted accordingly, which
enable people to manipulate electrochemical performance under various conditions.
Moreover, instead of directing integrating TPRs into the electrolyte, which may interfere
with reversibility kinetics, TRPs enwrapped by PP could offer reversible performance in a
much shorter time scale. Finally, with the breakage of thermal loop, better thermal control
over the long time cycling performance in supercapacitors can thus be achieved.
As for future perspectives, the relationship between TRP’s properties such as
MW/polydispersity index and electrochemical performances still need further
investigation. Utilization of TRPs thermal behavior could potentially be applied to areas
such as corrosion protection, environmental sensor and portable, flexible electronics. Good
phase transition reversibility rate is essential for practical applications, and TRPs that
exhibit LCST/UCST in ionic liquid and organic electrolytes are needed to be investigated
in order to expand this technique to lithium ion batteries. Cross-linked PNIPAM is
suggested for future applications since it would provide structure stability over long time
and prevent PNIPAM chains from diffusing out of the separators. To sum up, TRPs
integrated separators have proved to be a promising candidate for future thermally stable
supercapacitors.
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CHAPTER FOUR
TEMPERATURE RESPONSIVE POLYMER MODIFIED ELECTRODE’S
PROPERTIES IN AQUEOUS ELECTROLYTES

4.1 Introduction
Surface modification of carbonaceous materials offer opportunities in terms of
extending material functionality and enable smart design of nano structures to meet specific
needs.(Mauger & Julien, 2014; Xiao et al., 2010) In previous research, people have been
attempting to modify the carbon material surface with TRPs by adopting controlled living
polymerizations. In 2004, Yan.DY’s group successfully modified the surface of CNTs with
PNIPAM by adopting atom transfer radical polymerization (ATRP). Many other groups
also reported alternative synthesis routes to enable better control over polymer
polydispersity, structures, properties and simpler fabrication.(Chun Yan Hong, 2005; C. G.
Hao Kong, Deyue Yan, 2003; W. L. Hao Kong, Chao Gao, Deyue Yan, Yizheng Jin, David
R. M. Walton, Harold W. Kroto, 2004; D. Yang et al., 2008; Yongfang Yang et al., 2012)
TRPs modified materials provide potential in the area of nano robotics, environmental
sensors and controlled drug delivery, due to their environmental sensing capability and
reversibility.(Klouda, 2015; Reineke, 2015)
In 2009, I.Willner’s group reported controlled electronic performances by either
adopting PNIPAM@Au hydrogel or metal ion incorporated PNIPAM@Au electrode. It is
claimed that the temperature induced switching between compact/extend polymer
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conformations was accredited for the reduced capacitance at high temperatures.(Riskin et
al., 2009; Sheeney Haj Ichia et al., 2002) Although it is not mentioned, these results suggest
that polymer’s compact conformation may also contribute to steric hindrances that active
ions experience and thus lead to inhibited capacitance at high temperatures. By modifying
the surface of layered double hydroxide, which is connected to electrode, with PNIPAM,
Duan.X etc. reported temperature induced current-potential change.(Dou et al., 2012) The
compact PNIPAM conformation at high temperatures result in shortened distance between
the electrodes and increased charge rate. It can be foreseen that smart utilization of TRPs
can be employed to fabricate a variety of intelligent materials based on regular
arrangements of smart species within a two dimentional inorganic matrix.
In this work, a bottom up synthesis approach was adopted and PNIPAM@CNTs
was synthesized in order to investigate its electrochemical performances at abnormal
temperatures in a coin cell configuration for both EDLC and pseudo capacitors. Acid
treatment of CNTs was adopted to modify the surface of CNTs with hydroxide groups, then
radical polymerization was carried out to enable a bottom-up synthesis route of PNIPAM.
It is proposed due to compact conformation of PNIPAM at high temperatures, schematics
shown in Figure 4.1, active ions migration will be hindered and could lead to inhibited
capacitance at abnormal temperatures. Once temperature returns to room temperature,
conformation of PNIPAM returns to normal state thus ensures performance reversibility.
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Figure 4.1 Schematics of PNIPAM modified CNTs (PNIPAM@CNTs) and PNIPAM
conformational change at normal and high temperatures, compact conformation of
PNIPAM may interfere with ion migration and adsorption onto CNTs surface.

4.2 Experimental
4.2.1 Materials
N-isopropylacrylamide (NIPAM) (Acros, 113 MW) was first recrystallized in
hexane before polymerization was carried out. Cerium(IV) ammonium nitrate (CAN), Cgrade multi walled CNTs (NTL composites), sulfuric acid (Sigma-Aldrich), sodium
dodecyl sulfate (Sigma-Aldrich, 98.5%), potassium ferricyanide (III) were used as
purchased without further purifications.

85

4.2.2 Synthesis of PNIPAM@CNTs
CNT’s surface modification of hydroxyl group was carried out as follows. Pristine
CNTs (2.5 g) were mixed with sulfuric acid (2.0 M) at 80 oC (Figure 4.2). After being
stirred for 3 hours, the solid was diluted with DI water until the pH reached 7.0, then
vacuum filtered and dried overnight in vacuum at 40 oC, to give CNTs-OH as a black solid,
the yield was 95 wt%.(Saito, Matsushige, & Tanaka, 2002)

Figure 4.2 Schematic showing bottom-up synthesis of NIPAM monomer onto CNTs
surface.

Bottom-up synthesis of PNIPAM from the CNT-OH was carried out as follows
(Figure 4.2). 45 ml of de-ionized aqueous solution of CNTs-OH (30 mg) in a flask (100
mL) was first prepared and then 3 g of NIPAM monomer was added after sonication for
10 minutes. After being stirred for 15 minutes, the mixture was purged with nitrogen and
heated to 50 oC. A de-ionized aqueous solution (5.0 mL) containing cerium (IV)
ammonium nitrate CAN (0.1 g) was injected into the above solution and the mixture was
stirred at 50 oC for 5 h. After being cooled to room temperature, the mixture was

86

centrifuged and the solid part collected was washed with de-ionized water, methanol, and
dried overnight in vacuum at 40 oC, to give PNIPAM@CNTs as a black solid.(D. Yang et
al., 2009)

4.2.3 Hydrophilicity and Electrochemical analysis
Final product PNIPAM@CNTs was dissolved in DI water in testing vial in
comparison to plain CNTs to ensure wettability change. Contact angle measurement was
also carried out to confirm surface hydrophilicity. PNIPAM@CNTs Bucky papers was
stabilized on the hotplate and tested for contact angle change at 25 °C and 50 °C.
Two kinds of binders, namely PVDF/N-methyl-2-pyrrolidone (NMP) and
carboxymethyl cellulose (CMC)/water based slurry were both prepared and tested to
determine the more efficient type in terms of capacitance properties. Results can be found
in Figure A-1. In the electrochemical testing, working electrode was made by traditional
slurry method, by mixing 7:1:2 of PNIPAM@CNTs, CMC and carbon black. Electrodes
of a diameter of 1.27 cm was then punched out for electrochemical tests, the average mass
of a single electrode was 10 mg. Coin cell temperatures were calibrated and controlled by
using a heating oven. The heating rate was estimated 1 °C/min, the coin cell was kept for
0.5 h after 50 °C was reached before electrochemical tests were carried out.
Electrochemical analysis of CNTs and PNIPAM@CNTs symmetric supercapacitors were
tested with 0.5 M H2SO4 or 0.5 M H2SO4/0.1 M potassium ferricynanide (III) electrolytes,
Figure 4.3 shows schematic of a symmetric supercapacitor adopted in the test.

87

Figure 4.3 Schematic of a symmetric supercapacitor adopted in the test. The working
electrode is composed of PNIPAM@CNTs for experimental and plain CNTs for the
control, electrolyte is either 0.5 M H2SO4/0.1 M potassium ferricynanide (III) or 0.5 M
sulfuric acid solution.

Type 2025 Coin cells in conjunction with VersaSTAT 4 potentiostat/galvanostat
and VersaStudio v1.50 Electrochemistry Software (Princeton Applied Research) were
adopted throughout the electrochemical tests. The specific capacitance of the electrodes
∫ I dV

were calculated from CV curves according to: C = km∆V where C is specific capacitance
(F g-1), I is current (A), V is potential (V), k is potential scan rate (mV s-1), ∆V is potential
window, and m is the mass of the active material in the electrode (g). The electrochemical
impedance spectroscopy (EIS) was performed to analyze the solution resistance, charge
transfer resistance, frequency range was set from 0.1 Hz to 100,000 Hz. The
electrochemical tests were conducted under 25 °C and 50 °C.
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4.3 Results and discussion
Preliminary observation of hydrophilicity of treated and untreated CNTs are
conducted by dissolving samples in the testing vial overnight at room temperature. It can
be seen from Figure 4.4 that plain CNTs sample precipitate down to the bottom of the vial
while PNIPAM@CNTs still disperse uniformly in the DI water. This observation indicates
the hydrophobicity of plain CNTs and hydrophilicity of PNIPAM@CNTs. The
hydrophilicity of PNIPAM chains at room temperature enhances surface hydrophilicity of
CNTs.

Figure 4.4 Optical observation of plain CNTs samples in the left, and PNIPAM@CNTs in
the right vial, uniformly dispersed CNTs indicating good hydrophilicity.

Photographs of contact angle measurements can be observed from Figure 4.5 a, b.
At 25 °C, the contact angle between PNIPAM@CNTs surface and water drop was around
30°comparing to near 110°under 50 °C. This implies a significant interface hydrophilicity
property shift from hydrophilic to hydrophobic in structure. This phenomenon can be
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ascribed to PNIPAM chains shift from an expanded conformation at 25 °C to precipitated
conformation at 50 °C

Figure 4.5 Contact angle measurements at 25 °C and 50 °C for PNIPAM@CNTs. Angle
changed from 30° at 25°C and to near 110° at 50 °C. CNTs were taped onto heating
elements in the experiment setup.

CNTs and PNIPAM@CNTs were tested to evaluate temperature responsive
capacitance reduction effect upon redox systems. As can be seen from Figure 4.6 a and b,
Fe2+/3+ oxidization and reduction peaks were observed around 0.2 V and -0.1 V. The
capacitance of CNTs increased by 200% while in comparison, PNIPAM@CNTs dropped
by 3%. Scan rate was set to 0.01 V/s to enable redox reaction to fully occur.
EIS data for CNTs and PNIPAM@CNTs can be found in Figure 4.6 c and d. For
CNTs, no significant change was observed for Rs, while Rct dropped from 1.2 Ω at 25 °C
to 0.85 Ω at 50 °C. This indicates the increased temperature favors the interface migration
of active ions, thus contributing to higher capacitance at higher temperatures. For
PNIPAM@CNTs, no significant change was observed for Rs. Rct shifted from less than 4.5
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Ω to over 4.75 Ω at 50 °C. The increased interfacial impedance led to similar capacitance
performance either at 25 °C and 50 °C, although it was a combined results of improved
kinetics and less accessible surface, as indicated by the slope of the charge curves in Figure
4.6 b. Large size of solvated Fe(CN)63- ions would experience increased steric hindrances
when migrating through the precipitated PNIPAM layer to the CNTs surface, which may
also contribute to increased Rct.

Figure 4.6 Cyclic voltammetry profiles for pseudo capacitor, a) CNTs and b)
PNIPAM@CNTs at 25 °C and 50 °C, scan rate 0.01V/s. Nyquist plots for c) CNTs, d)
PNIPAM@CNTs at 25 °C and 50 °C.
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The other batch of samples, which include control group EDLC and
PNIPAM@CNTs EDLC, however, showed different trends comparing to pseudo capacitor
data. As shown in Figure 4.7, rectangular shape of CV curves are indicating typical EDLC
behavior. It can be seen that at the slowest scan rate, 0.03 V/s, specific capacitance
increased from 2054 mF/g at 25 °C to 2386 mF/g at 50 °C, and then back to 2183 mF/g at
25 °C. EIS results also showed decreased Rs and less diffusion control at elevated
temperatures in Warburg zone. Higher scan rates was also observed to be shown similar
trend.

Figure 4.7 Cyclic voltammetry profiles for control group EDLC, a) 25 °C b) 50 °C c) back
to 25 °C, d) Nyquist plots at 25 °C and 50 °C.
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The experimental batch, PNIPAM@CNTs EDLC showed unexpected trends
comparing to pseudo capacitor data. As shown in Figure 4.8, rectangular shape of CV
curves are indicating typical EDLC behavior. It can be seen that at the slowest scan rate,
0.03 V/s, specific capacitance increased from 2356 mF/g at 25 °C to 2454 mF/g at 50 °C,
and then back to 2346 mF/g at 25 °C. No capacitance inhibiting effect was observed, the
difference when comparing to the control is that for the control, it experienced 16%
increase, while in the experimental it was 4.2%. EIS results indicated similar results
comparing to the control, which included decreased Rs at elevated temperatures and less
diffusion control at elevated temperatures in Warburg zone.
It was therefore anticipated that the grafting density, MW of PNIPAM on CNTs
may play important roles in capacitance inhabitance effect, as can be foreseen that a too
sparse grafting or too short polymer chains, may not have sufficient capability to block ion
adsorption and migration. Different capacitance changes observed for pseudo capacitor and
EDLC also indicates EDLC is a much more depending process to control by utilizing endtethered, TRP surface modified electrode.
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Figure 4.8 Cyclic voltammetry profiles for EDLC with PNIPAM@CNTs a) 25 °C b) 50
°C c) back to 25 °C, d) Nyquist plots at 25 °C and 50 °C.
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4.4 Conclusion
In this work, surface modified CNTs have been synthesized and been used as
temperature responsive electrode materials in supercapacitors. PNIPAM@CNTs provide
surface hydrophilicity shift between at room temperature and higher temperatures, and thus
offer potential capacitance reduction in an aqueous electrolyte based supercapacitors.
It has been shown that due to PNIPAM chains compact conformation blocking
active sites for ions to adsorb, leading to increased charge transfer resistance at the
electrode/electrolyte interface at higher temperatures, specific capacitance was maintained
at relatively the same value comparing to 200% increase in the control. However, this
approach was not successful when came to the application of EDLC.
As far as the author can see, temperature responsive polymers (TRPs) modified
electrode still holds potential to inhibit electrochemical performances at abnormal
temperatures and the resultant thermal runaway hazards if the following researches can be
further carried out. First, grafting density of TRPs on matrix material’s surface play a major
role on how effective the inhabitance will be, thus a solid relationship between grafting
density and the resultant electrochemical performance should be built. Thermal gravimetric
analysis such as TGA/DSC are the potential methods can be used. Not only that, other
polymeric properties, such as molecular weight, polymer dispersity index (PDI), monomer
ratios in copolymers are also important to understand if solid understanding about the
relationship between TRPs and electrochemical performance shall be built. Secondly,
solution properties, such as salt type, salt concentration need to be understood to better
manipulate phase separation temperature in order to better serve specific applications.
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CHAPTER FIVE

SOLUTION AND ELECTROCHEMICAL PROPERTIES OF
POLY (CVE-MA) BASED INTERFACE IN LITHIUM ION BATTERIES

5.1 Introduction
Entering 21st century, human society’s energy production pattern is experiencing
drastic transformation from traditional fossil fuel based to a more renewable energy based
due to pressing global issues such as depletion of coal and fossil fuel, global warming,
etc..(Guney & Tepe, 2016) During this “green energy revolution”, electrochemical energy
storage technologies such as lithium ion batteries (LIBs) play an irreplaceable role in the
sense that they bridge the gaps between energy production and consumption. The
fluctuation and intermittent nature of natural resources such as wind and solar request a
reliable, safe energy storage technology of which they can store extra energy during valley
hours and release it during peak hours.(Soloveichik, 2011) Wide application of LIBs in
portable electronics, hybrid and electrical vehicles request higher energy density while safe
LIBs. Since the first successful commercialization of LIBs by Sony in 1991, LIBs have
been in the center stage of material science researches during the past decades. While more
energy dense electrode materials, structures have been proposed to enhance energy output,
cycling stability of LIBs,(Scrosati & Garche, 2010), thermal runaway is still haunting LIBs
and the battery industry is actively searching for potential measures to address this issue.
Thermal runaway is usually induced by three reasons: 1) mechanical abuse, 2)
electrical abuse and 3) thermal abuse.(Feng et al., 2018) Mechanical abuse occur when
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mechanical piercing happens. Due to electrolyte exposed to oxygen and moisture, the
battery will tend to catch fire and explode. Electrical abuse is induced by improper
charge/discharge of electronics. For example, over charge/discharge would greatly
destabilize the electrode structure, causing the crystal stricture to collapse and thus
rendering hazards.(Golubkov et al., 2015; Zheng et al., 2012) Thermal abuse can not only
be triggered by the above mentioned two causes, but can also be triggered by simply by
positioning the device close to heat source. Thermal runaway of LIBs incidents have been
reported during the past years. Classical cases include Boeing 787 dream liner grounding
in 2013, Samsung cellphone explosion in 2016, Tesla electric cars caught fire in 2018.(Q.
Wang et al., 2012)
In 2018, He X. et al. proposed possible mechanism for thermal runaway reaction,
which can be modeled as a chain of reactions. At the beginning stage, 1) abusing conditions
caused heat to be built up within the battery system. Protective solid electrolyte interface
(SEI) on the anode surface will be broken down at temperatures between 100 and 200 °C.
With increasing temperature, anode and electrolyte also begin to decompose. Separators,
which are usually made of poly ethylene, also begin to melt. 2) Between 200 and 500 °C,
the separator is completely melted, causing short circuit conditions and large amount of
heat to be released, resulting in electrolyte decomposition and crystalline structures of
cathode to collapse. 3) Above 500 °C, the electrolyte catches fire and thermal runaway
occurs.
Based on different stages and material property change along the thermal runaway
reaction chain, people have proposed different approaches to address this issue. SEI
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stabilization theory was proposed to ensure SEI’s stability at abnormal temperatures. (J
Vetter et al., 2005) Electrode surface coating,(Y. S. Jung et al., 2010) pressure valve,
protective circuit, cooling systems was designed to ensure better cooling of large scale
battery pack. Promising results have come from the application of positive temperature
coefficient (PTC) materials in electrochemical devices. According to the reports, once
temperature is increased, resistivity would increase, rendering shutdown of the device,
therefore preventing thermal runaway from aggravating.(Z. Chen et al., 2016; H. Zhang et
al., 2016) Aftermath counter measures, i.e. flame retardant, melt down separator have been
integrated into batteries to prevent catastrophic events from happening.(X. Jiang et al.,
2017; K. Liu et al., 2017) These measures, however, may still suffer slow respond rate,
inefficient cooling, and irreversibility of performance once conditions return to normal.
In recent years, the applications of temperature responsive polymers in
electrochemical devices have attracted attentions due to their unique ability to quench
electrochemical reactions beyond their phase separation point, or lower critical solution
temperature (LCST). Based on matured studies of TRP’s phase behavior in aqueous
medium such as water, people have been trying to integrate TRPs into electrochemical
devices and have achieved promising results.
For aqueous electrolyte based electrochemical devices such as supercapacitors,
Yang.H etc. reported the application of a thermal sensitive sol-gel transitional copolymer,
poly(N-isopropyl

acrylamide-co-acrylamide)

(PNIPAM-co-AM),

be

added

into

electrolyte. Due to sol-gel transition that stimulated by high temperatures and increased
viscosity, migration of conductive ions is greatly hindered, which leads to charge storage
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capacity reduction.(H. Yang et al., 2015) Shi.Y etc. proposed a sol-gel approach, which
involves the application of a pluronic [poly(ethylene oxide)-block-poly(propylene oxide)block-poly(ethylene oxide) (PEO-PPO-PEO)] to be used as electrolyte additive. A
preliminary relationship between copolymer molecular weight (MW), transition
temperature and storage/loss modulus was discussed, along with MW effect upon
electrochemical performances.(Shi et al., 2016)
Comparing to wide investigations of TRP’s phase behavior in aqueous systems,
such as polymer concentrations and related properties, salt type/concentrations, etc.,
investigations related to TRP’s organic medium phase behavior is still quite limited. Based
reviews on LCST behavior of poly(ethylene oxide) (PEO) in ionic liquids(Lee et al., 2012),
M. E. Roberts et al. proposed the application of PEO-ionic liquid mixture in LIBs, with the
intention to quench electrochemical processes under elevated temperatures, therefore
enhancing thermal stability and prevent related thermal hazards.(Jesse C. Kelly et al., 2015)
Their follow-up works also include the application of poly(benzyl-methacrylate) (PBMA)
in 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [EMIM][TFSI] as
ionic liquid electrolyte for LIBs. It was found that different from what PNIPAM-co-PAA
would behave in aqueous solutions, in which the inhibited capacity was attributed to
decreased conductivity and less active ions in the bulk of the electrolyte; in ionic liquids,
the electrode-electrolyte interfacial charge transfer resistance (Rct) increases under elevated
temperature should be mainly accounted for inhibited electrochemical performance.(Jesse
C Kelly et al., 2015)
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Nevertheless, one inevitable disadvantage of ILs works is that ILs based electrolyte
is not widely adopted in the Li-ion battery industry. Not to mention the fact the ILs have
poor stability at voltages below 1.1 V and high viscosity.(Fuller et al., 1997) In practical,
instead, polar solvents, i.e. alkyl carbonate mixtures, such as ethyl carbonate/dimethyl
carbonate are the most widely adopted organic electrolyte in the industry. In 2011, K.
Inomata’s group from Nagoya Institute of Technology and Z.Liu et al. from Beijing
University of Chemical Technology discovered a copolymer, poly (2-chlorotheyl vinyl
ether-maleic anhydride), which can exhibit LCST behavior in organic solvents such as
butyl acetate and cyclohexane.(Z. Liu et al., 2011b) They found out that the LCST behavior
is highly dependent on the copolymer’s concentration and polarity of the solvent. A general
rule they discovered was that the higher the concentration, less polar the solvent is, the
lower the LCST would be. Flory-Huggins lattice model was adopted to describe the
interactions between polymer chains and solvent molecules.
Based on the reviews of previous works and successful attempt to apply PNIPAM
as thin film within electrochemical devices, it is proposed to utilize poly(CVE-MA) as
temperature responsive thin film interface within LIBs to quench electrochemical reactions
at high temperatures and prevent thermal runaway from aggravating. In this work,
poly(CVE-MA) was firstly free radically polymerized (shown Figure 5.1 a) and prepared
by doctor blade casting method, made into transparent thin films. Poly(CVE-MA) thin film
was later be tested in LIBs coin cells. It is proposed that at normal temperatures, poly(CVEMA) surface remains at oleophilic state, which permits free migration and diffusion of Liions between the electrodes and electrode-electrolyte interface. Once temperature is
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increased beyond LCST, due to transition from oleophilic to oleophobic state, and resultant
precipitation of polymer chains onto either separator or electrode surface, LIBs migration
through electrolyte and adsorption/diffusion on/in electrode will be greatly hindered,
schematics shown in Figure 5.1 b. Successful integration of TRPs into LIBs to effectively
regulate electrochemical performance at abnormal temperatures may offer great potential
for future thermally stable, safe operational of both small or large scale LIB systems.

Figure 5.1 a) Poly(CVE-MA)’s free radical copolymerization synthesis route; b)
schematic of LIBs tested in the experiments. It is composed of: cathode: CNTs; anode:
lithium and separator: Celgard polypropylene. Poly(CVE-MA) thin film is installed either
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between i) PP and CNTs or ii) PP and Lithium. It is proposed that at normal temperatures,
oleophilic nature of poly (CVE-MA) would allow normal ion migration and intercalation,
once temperature is raised beyond LCST, oleophobic surface and precipitation of poly
(CVE-MA) would hinder ion migration and subsequent ion intercalation into electrode
lattice structure.

5.2 Experimental
5.2.1 Materials
Cyclohexane (Fisher, 99.9%), sodium hydroxide (Aldrich, 97%), anhydrous sodium
sulfate, 2,2’-azobisisobutyronitrile (Aldrich, 98%) were used as received. 2-chlorotheyl
vinyl ether (Aldrich; 97.0%) was washed three times with an equal volume of water made
slightly alkaline with NaOH, dried with Na2SO4. Maleic anhydride (TCI, 99.0%) was
recrystallized in benzene. Methyl ethyl ketone (TCI, 99.0%) was kept in the presence of a
molecular sieve. Butyl acetate (Aldrich, 99.5%), ethylene carbonate (Aldrich, 98%),
dimethyl carbonate (Aldrich, anhydrous 99%), lithium hexafluorophosphate (Acros, 98%).

5.2.2 Synthesis of 2-chloroethyl vinyl ether-maleic anhydride
MA and CVE were copolymerized via free-radical solution polymerization. 4.9 g
(0.05 mol) MA, 5.3 g (0.05 mol) CVE, 0.0248 g AIBN, 20 g methyl ethyl ketone solvent
were added to a 50 ml three-neck flask equipped with a condenser and a nitrogen gas inlet.
The reaction solution was stirred for 2 hrs at 70 °C. The resultant polymer was precipitated
in diethyl ether and dried in vacuum at 100 °C for at least 8 h for further use.

5.2.3 Poly (CVE-MA) solution properties evaluation
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Selerity Series 4000 SFC Supercritical Fluid Chromatography (GPC) was used to
identify the molecular weight of poly (CVE-MA). Polystyrene standards were used to
calibrate the molecular weight during measurement. Thermo Nicolet Magna 550 FTIR
Fourier Transform Infrared Spectroscopy (FTIR) was used to confirm functional groups of
the resultant poly(CVE-MA) samples.
In order to determine poly(CVE-MA)’s phase behavior in organic solvents,
different compositions of organic solutions were prepared with a constant concentration of
poly(CVE-MA) (5 wt%). The organic solvents include: 1) cyclohexane (D=0); 2) ethylene
carbonate (D=4.9); 3) dimethyl carbonate (D=0.93); 4) butyl acetate (D=1.84)

5.2.4 Electrode preparation and electrochemical analysis
10 wt% poly(CVE-MA) butyl acetate solution was prepared and cast onto glass
plate using a doctor blade, blade height was adjusted to 20 mm. The film was then dried in
heated vacuum oven overnight. Poly(CVE-MA) film was then punched out and ready to
be used in LIBs coin cells.
Bucky paper multi-walled carbon nanotubes was picked as cathode for its
mechanical and chemical stability. Filtration method was adopted and a round electrode of
diameter 1.27 cm was punched out for electrochemical tests, the average mass of a single
electrode was 8 mg. Lithium metal was anode. Coin cell temperatures were calibrated and
controlled by using a heating oven. The heating rate was estimated 1 °C/min, the coin cell
was kept for 0.5 h after 80 °C was reached before any electrochemical tests were carried
out. Electrochemical analysis of control group, poly(MA-CVE) in between PP and CNTs
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(denoted as MA-CVE/C) and poly(MA-CVE) in between PP and Li (denoted as MACVE/Li) were tested with previously prepared electrolytes with 0.1 M of LiPF6.
Type 2025 Coin cells in conjunction with VersaSTAT 4 potentiostat/galvanostat
and VersaStudio v1.50 Electrochemistry Software (Princeton Applied Research) were used
throughout the electrochemical tests. Galvanic charge/discharge (GCD) was carried out to
evaluate battery capacity performance at 25 °C and 80 °C. GCD was conducted under a
current density of 0.5 mA or 0.39 mA/cm2. Electrochemical impedance spectroscopy (EIS)
was performed to analyze solution resistance, charge transfer resistance and Warburg zone
behavior, frequency range was set from 0.1 Hz to 100,000 Hz.

5.3 Results and discussion
5.3.1 Characterization of poly(CVE-MA)
The molecular weight of the polymer was ca. 90,000 g/mol, as determined using
GPC in chloroform and reported as a polystyrene equivalent weight. Figure 5.2 shows the
IR results of poly(CVE-MA) thin film. Finger print functional peaks for C-Cl (800-600
cm-1), C-O-C stretch (1250-1050 cm-1), anhydride C=O stretch (1740-1780 cm-1) and C-H
stretch (2950-2840 cm-1).

5.3.2 Poly (CVE-MA) phase behavior in organic medium
Organic solvents, which is composed of 5 wt% poly (CVE-MA), and various
amounts of butyl acetate, ethylene carbonate, dimethyl carbonate, and cyclohexane were
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prepared and evaluated for the LCST behavior at normal and elevated temperatures. See
Figure 5.2 for sample vials and Table 5.1 for summarized results.

Figure 5.2 IR spectra of poly(CVE-MA) transparent thin film, characteristic peaks for
C=O, C-Cl, C-O-C and C-H was observed.
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Figure 5.3 Digital pictures of sample vials from #2 to #8, the pictures below show solution
#10, in which poly(CVE-MA) exhibits reversible LCST behavior at 25 and 80 °C.
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Table 5.1 Solution Properties of Poly (CVE-MA) (MW=90,000) in Organic Solvents
Poly (CVE-MA)

BA

DEC/EC

CYC

(wt%)

(D=1.84)

(D=0.93/4.9)

(D=0)

1

NA

0

5

1/0.5

Not miscible

2

5

5

1

4

Not Dissolving

3

5

5

2

3

Not Dissolving

4

5

5

3

2

Not Dissolving

5

5

5

4

1

NO LCST

6

5

5

4.5

0.5

NO LCST

7

5

4

4

2

Phase separate @RT

8

5

4

4.5

1.5

Phase separate @RT

9

5

5

4

1.5

Phase separate @RT

10

5

5

4.5

0.75

#

Behavior

Dissolve @RT,
LCST once T raised
BA: butyl acetate; DEC/EC: diethyl carbonate/ethylene carbonate; CYC: cyclohexane.
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Within the four composing solvents, BA has a Debye length of 1.84, DEC has 0.93, EC
has 4.9, note that DEC and EC are mixed with a ratio of 1:1; and CYC is non-polar.
Successful attempt of mixing the usable electrolyte holds several requirements: 1) the
electrolyte should guarantees sufficient polarity so LIBs could operate; 2) LCST should
not exceed any of the composing solvent; 3) miscibility between electrolyte components;
4) poly(CVE-MA) should dissolvable at 25 °C while phase separate at elevated
temperatures; 5) guarantees LCST even with the addition of LiPF6. Successful
composition, sample #10 was composed of 5 wt% poly(CVE-MA), 5 parts of BA, 4.5 parts
of DEC/EC and 0.75 parts of CYC. The following electrochemical tests also adopted this
electrolyte.

5.3.3 Analysis of poly(CVE-MA) included LIBs
In order to investigate poly(CVE-MA) integrated LIB’s electrochemical properties,
GCD and EIS tests were carried out. GCD data is plotted after batteries had run for 20
cycles and stabilized. For 80 °C tests, batteries were rest for another 15 mins after 80 °C
was reached before tests were carried out. Potential range was set between 3 and 0.1 V
under a current density of 0.5 mA.
From Figure 5.4 a, it can be seen the control group’s specific capacity increased
from around 40 mAh/g to over 65 mAh/g, approximately 63% of increase. Based on EIS
results, this capacity increase can be explained by a drop of interfacial resistance, R ct. It
dropped from 225 Ω to 175 Ω. No significant change of solution resistance Rs was
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observed, implying in a LIB, high frequency range (short time) phenomenon such as ion
migration and diffusion does not shift much when temperature raised from 25 °C to 80 °C.
The experimental batch, MA-CVE/C, however, shown opposite trend. It can be
seen from Figure 5.4 c, that at 25 °C, the battery shows a capacity around 21.5 mAh/g,
which indicates the integration of poly (CVE-MA) thin film in between CNTs and
separator is going to affect the performance of the battery negatively. When temperature
raised up to 80 °C, capacity dropped down to 4 mAh/g, an 81.4% capacity drop comparing
to 63% increase of the control. EIS indicated both Rs and Rct increased at elevated
temperature. Rs changed from 60 Ω to over 250 Ω while Rct shifted from 250 Ω to over 700
Ω. This is interesting to note because the increase of both Rs and Rct is indicating the phase
shift of poly(CVE-MA) from oleophilic to oleophobic state can not only have significant
impact for mid frequency range phenomenon such as ion adsorption/intercalation onto
electrode surface, but also short time phenomenon such as ion migration and diffusion in
the bulk of the electrolyte.
It is thus proposed that once LCST of poly(CVE-MA) occurs, 1) the precipitation
of polymer chains onto separator would interfering with Li ion migration through the
separator, 2) oleophilic to oleophobic shift would make Li-solvent interaction much
weaker, thus increasing the overall solution resistance, and 3) formation of SEI. On the
other hand, due to precipitation of polymer chains onto CNT’s electrode surface, Li ion’s
intercalation chemistry is greatly hindered due to steric hindrances created by polymer
network, thus increased the interfacial resistance. One fact also needs attention is starting
voltage (open circuit voltage, OCV) for charge and discharge. For discharge curve, it can
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be seen instead of 3 V, the OCV was around 0.75 V, which indicated great resistance when
Li ions try to intercalate back into graphene layers of CNTs. In comparison, in the control,
the OCV still remained over 1.75 V at 25 °C and over 2 V at 80 °C. This change of OCV
of discharge curve also supported our claims that the resistance created by polymer
precipitation greatly hindered the intercalation chemistry of LIBs on the cathode side, in
this case, graphene layer of CNTs. It is yet still unknown that why Warburg zone data was
not acquired, which was possibly caused by blocking of electrode surface, or frequency
still too high.

Figure 5.4 Control group’s a) galvanic charge/discharge curves and b) Nyquist plot. CVEMA/C’s c) galvanic charge/discharge curves and d) Nyquist plot. Note that GCD data are
plotted based on 20th cycle.
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In order to rule out the contribution of SEI formation to the capacity drop, first
cycle and second cycle charge/discharge data for the control and experimental was
obtained and analyzed. As can be seen from Figure 5.5 a, for the control group, coulumbic
efficiency (CE) was around 93% for the first cycle and 92% for the second cycle due to
SEI formations, which was a small portion comparing to capacity drop in the experimental.
CE was found to be around 70% for the first cycle and 62% for the second cycle (Figure
5.5 b) for the experimental at room temperature. The decreased CE maybe contributed by
loss of lithium ions due to integration of poly(CVE-MA), some lithium ions could be
trapped within the polymer network structure.

Figure 5.5 1st and 2nd charge/discharge curve for a) control and b) CVE-MA/C, at 25 °C.
Formation of SEI was only accounted for small contribution for capacity degradation.
Poly(CVE-MA)’s inhibiting effect was also found to be time-dependent. It can be
observed from Figure 5.5 that for the first discharge cycle, the specific capacity was 17
mAh/g, still 18.6% drop comparing to 25 °C. However, the capacity effect became more
enormous when the battery has run for multiple cycles. At 20th cycle, the capacity was at 4
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mAh/g and at 50th cycle, it continued to drop down to 3 mAh/g. This time-dependency of
the capacity inhibiting effect may be explained by the kinetics of polymer phase separation.
The kinetics controls the rate of polymer precipitation, it takes a long time for poly(CVEMA) to fully precipitate out even if LCST is reached.
The kinetics of LCST also brings the issue of reversibility of this technique.
Batteries returned to normal temperature were tested for reversibility of the performance,
and it was found that the performance could not return to normal levels even if temperature
has returned to 25 °C. This could be explained by 1) it is much easier for polymer chains
to precipitate onto graphene surface than to dissolve back; 2) precipitated polymer chains
could be trapped by the tortuous morphology of carbon surface, hindering lithium ion
intercalation at room temperatures and 3) it takes a long time for polymer chains to return
to normal state, thus the fact that the battery capacity could not return to normal levels.

Figure 5.6 Discharge curve for MA-CVE/C, at 1st, 20th and 50th cycle at 80 °C. Indicating
increased capacity halting capability from 1st to 50th cycle, which may be induced by timedependent precipitation of polymer chains onto electrode surface.
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Besides integrating poly(CVE-MA) in between CNTs and separator (CVE-MA/C),
another approach, which involves applying poly(CVE-MA) in between lithium and
separator (CVE-MA/Li) was also carried out to investigate feasibility and differences
comparing to CVE-MA/C. The biggest difference observed comparing to CVE-MA/C was
that even at 25 °C, the capacity was already greatly inhibited down to 4 mAh/g, which is
unacceptable for normal operations of LIBs. Discharge OCV was not disrupted comparing
to CVE-MA/C. It is thus proposed that the inhibited capacity was contributed by limited
amount of Li ions pool available within the system. The application of poly(CVE-MA)
greatly hindered the delithiation of Lithium plate. Based on these observations, it is thus
suggested the application of poly(CVE-MA) should not be applied on the lithium ion
resource side, anode in this case, or cathode side (LiMOx) in a full battery.
Poly(CVE-MA) thin film was also applied in between Celgard polypropylene
separator, forming a sandwiched structure. However, no significant capacity inhibiting was
observed at elevated temperatures up to 80 °C, which may indicate precipitation of polymer
chains alone onto separator is not enough to inhibit intercalation chemistry of LIBs.
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Figure 5.7 GCD/EIS curves for for MA-CVE/Li. The capacity was greatly hindered even
at normal temperature, indicating integration of poly (CVE-MA) on lithium would disrupt
the electrochemistry and active lithium ions available within the system.

114

5.4 Conclusions
On the road towards longer service life, thermally stable LIB systems, many factors
needed to be taken into account. In this work, it has been shown that through appropriate
mixture of common polar (alkyl carbonates) and non-polar solvents (cyclohexane),
temperature responsive copolymer, poly(CVE-MA) can be utilized as an “insulating” layer
in LIBs, to regulate lithium intercalation chemistries at abnormal temperatures and thus
prevent thermal runaway from aggravating. Significant capacity degradation was also
observed at abnormal temperatures due to increase of both Rs and Rct and loss of lithium
ions.
It is realized that the introduction of poly(CVE-MA) is going to negatively affect
the overall performance of the battery system. So it is proposed that in the future, more
polar solvent, less amount of poly(CVE-MA) should be adopted for battery trials in order
to achieve satisfactory performances at normal conditions while without sacrificing the
performance regulating capability. Secondly, battery performance recovery is still limited
by kinetics of the phase separation and polymer-solvent interactions, an issue which may
require more attentions and smart integration of TRPs into LIBs.
Integration of TRPs such as poly(CVE-MA) into common LIBs have proved to be
a feasible and efficient approach to regulate LIB performances at normal and elevated
temperatures, resulting in thermally stable LIBs and potential tool to prevent thermal
runaway in future large format LIB systems.
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CHAPTER

SIX

CONCLUSIONS AND FUTURE PERSPECTIVES

6.1 Conclusions
The overall objective of this PhD dissertation was to understand temperature
responsive polymer’s (TRPs) phase transition behavior both in aqueous medium and
organic medium, in order to change, manipulate or control electrochemical performances
of common electrochemical energy storage devices such as supercapacitors (SCs) and
lithium ion batteries (LIBs). Although been an active research field in the academia and
industry, TRP’s main stream applications are still focusing on biological and medical
applications.(Akiyama & Okano, 2015; Wei, Gao, Li, & Serpe, 2017)
Standing on the shoulders of decades of researches related to TRP’s phase behavior
and impacting factors, the author thus believe that successful transplantation of TRP
technology in the field of electrochemical energy storage could offer great potential and
alternative to address current issues such as thermal runaway and capacity degradation in
energy storage devices.
Initially, typical TRP, PNIPAM’s phase behavior and the corresponding
electrochemical property and performance was evaluated in aqueous environments, serving
as a model to demonstrate the feasibility of using PNIPAM integrated electrolyte to control
EDLC and redox capacitance of SCs. Free radically polymerized PNIPAM polymer was
applied directly in the electrolyte. Since PNIPAM exhibits a LCST approximately at 32
°C, it was thus expected that once temperature raised up to LCST, due to precipitation of
polymer chains onto electrode surface and hydrophilicity shift, ion migration, diffusion and
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adsorption onto electrode surface would be hindered, resulting in inhibited capacitance at
elevated temperatures. It was found that once LCST was reached, both EDLC and pseudo
capacitor experienced capacitance drop. They differed at the following aspects: 1) the
capacitance drop was contributed by increase of Rs and Rct in EDLC while in pseudo
capacitor, increase of Rct and Warburg impedance were accounted for the inhabitance; 2) a
competition between temperature favored kinetics and inhibiting effect was observed for
EDLC. Long time cycling performance was carried out to confirm ageing for SCs operate
at high temperatures. It was found that capacity degradation was observed for the control
while PNIPAM integrated experimental batch only experienced small capacity drop.
However, due to complex mechanisms (high voltage, high temperature, contact between
electrode and current collector, etc.) for capacitor’s ageing to happen, the author could only
conclude the application of PNIPAM could slow down ageing for aqueous supercapacitors
at elevated temperature conditions.
Based on the knowledge and experience gained through the investigation of
PNIPAM’s phase behavior in aqueous electrolyte based supercapacitors, a subsequent
work using PNIPAM based temperature responsive separator in supercapacitors was
proposed, in order to achieve better control over supercapacitor’s performance at elevated
temperatures. Wet casting method was adopted to fabricate PNIPAM thin film and it was
then serve as middle layer in a tri-layer separator. It was proposed that once LCST is
reached, due to hydrophilicity to hydrophobicity shift of PNIPAM thin film, ion migration
and diffusion will be greatly hindered, rendering inhibited capacitance performance at
abnormal temperatures. It was further discovered that the capacitance inhibiting effect was
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also scan rate dependent and film thickness dependent. Thicker the PNIPAM film is, the
capacitance inhibiting effect shifts accordingly from 15% (no application of PNIPAM
films) to -40% (3 layers of PNIPAM films) Also, it was found out that the slower the scan
rate is, the weaker capacitance inhibiting effect will be. This could be explained by the fact
that the slower the scan rate, active ions will have more time to migrate in between the
electrodes, albeit the separator’s hydrophobicity nature and pore blocking hinders the
migration. It is thus believed that the application of temperature responsive separator could
offer great potential to reversible control over electrochemical reactions such as EDLC and
redox reactions, preventing derived thermal hazards such as capacity degradation (ageing).
PNIPAM@CNTs was synthesized via acid treatment and subsequent “graft from”
route. Preliminary results showed 3% of capacity inhabitance comparing to control group’s
200% of increase at 50 °C. However, issues like grafting density, MW and PDI of PNIPAM
chains still need to be further investigated in order to achieve solid results and conclusions.
Our group have previously reported capacity inhibiting effect by utilization of
poly(benzyl methacrylate)/poly(ethylene oxide) for ionic liquids (ILs) based LIBs.(Jesse C
Kelly et al., 2015; Jesse C. Kelly et al., 2015) However, ILs are not widely adopted in the
battery industry due to limited conductivity and performance. In this work, a recently
discovered copolymer (Z. Liu et al., 2010, 2011b, 2011d), poly (2-chloroethyl vinyl etheralt-maleic anhydride), or poly(CVE-MA) was adopted and applied as thin film in carbonate
electrolyte based LIBs, with the goal to control electrochemical performance at elevated
temperatures and the resultant thermal runaway derived hazards such as fires and
explosions. It was discovered that at 80 °C, battery capacity dropped substantially (80%)
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down to 4 mAh/g comparing to 60% increase of the control. It was further proved the
performance drop was majorly contributed by increase of solution resistance and charge
transfer resistance due to precipitation of poly(CVE-MA) chains onto separator and
electrode surface, schematics shown in Figure 6.1.

Figure 6.1 Schematic showing LCST of poly(CVE-MA) leads to precipitation of polymer
chains onto separator and carbon electrode surface, hindering Li ion migration and
intercalation at 80 °C.

Traditional measures to address thermal runaway in LIBs are usually haunted by
disadvantages such as slow respond rate, unable to return to operation once temperature
returns to normal conditions. Example such as tri-layer separators(K. Liu et al., 2017; Y.
Yang, Yu, Wang, & Guo, 2017), the mechanism of which includes once temperature
increases, separators will melt down itself and close the pores or release flame retardants,
thus shut down the device. This approach however, the process is irreversible and thus
could only be used for once. It is expected that our technology will lead to improved
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thermal safety mechanism for stationary large format LIBs, schematics shown in Figure
6.2. As can be seen from Figure 6.2, one advantage of our approach is the localized
quenching mechanism. Since local hotspot occur at a random fashion, our technology
would allow localized quenching of local hotspot in large format LIBs while without
disrupting normal operations for other parts of the battery system.

Figure 6.2 Localized quenching realized by polymer precipitation onto local hotspot once
LCST is reached, while also guarantees operation for other parts of the battery system.

6.2 Future perspectives
While our investigations for aqueous and carbonates organic based TRP systems
have demonstrated the feasibility of applying TPRs in electrochemical devices to achieve
performance control at elevated temperatures, many issues still need to be attended to prior
to commercial applications.
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Clear and solid connections between polymer phase behavior and electrochemical
performances, although have been confirmed via electrochemical characterizations such as
EIS, still needs further proofs in order to achieve deeper understandings of the phaseproperty relationships. In 2011, Zhao et al. proposed using tapping mode atomic force
microscopy (AFM) to characterize PNIPAM modified graphene layer, and several
nanometers differences were observed between changing temperatures, which was induced
by conformation change of the polymer chains.(Yongfang Yang et al., 2012) Emerging
effective characterization techniques such as Quartz crystal microbalance with dissipation
(QCM-D) have also been reported to be used to evaluate conformational change of
PNIPAM at the interface. When a quartz crystal is excited to oscillate in the thickness shear
mode at its fundamental resonant frequency (f0) by applying a RF voltage across the
electrodes near the resonant frequency, a small layer added to the electrodes will induce a
decrease in resonant frequency (Df) which is proportional to the mass (Dm) of the layer.
Relationship between change of mass, change of frequency, density and thickness of quartz
crystals can be described by Sauerbrey equation:
∆m=-ρqlq/f0*∆f/n
where f0 is the fundamental frequency, ρq and lq are the specific density and thickness of
the quartz crystal, respectively. For example, for PNIPAM modified surface, increasing
temperature beyond LCST would lead to a decrease in mass is due to the dehydration, that
is, some bounded water molecules leave the PNIPAM layer.(G. Zhang & C. Wu, 2009)
For aqueous supercapacitors, modification of PNIPAM molecules’ MW, PDI,
introduction of different salts, could also induce corresponding solution property,
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electrochemical performance to change, providing flexibility much needed for applications
not only limited to electrochemical devices, but also for sensors and smart electronics.
Thermal analysis techniques such as TGA/DSC can be utilized to effectively determine the
composition of TRP surface modified electrode materials in order to build solid
relationship between polymer property and the corresponding electrochemical properties.
Copolymerization of PNIPAM with other hydrophobic monomers could raise LCST while
with hydrophilic could leads to lower LCST, thus extending the applicability of this
technology.
TRP’s application in carbonate based LIBs still have large potential for
improvements. Firstly, more polar electrolyte should be investigated by adjusting different
electrolyte components to achieve high performance at normal temperature while maintain
capacity inhabitance at elevated temperatures. In order to achieve this goal, it is
recommended that 1) high concentration of poly(CVE-MA) should be adopted in the
system, since higher concentration of polymer leads to lower LCST, less amount of nonpolar solvent could be used in the system, which may benefit the overall battery
performance; 2) reversibility still need to be enhanced since poly(CVE-MA) precipitates
much easier than comparing to it dissolves back into electrolyte. Smart design and
integration of TRPs into LIBs is thus necessary in order to achieve this goal; 3) effect of
addition of lithium salt needs to be investigated since it will be interfering with the
interactions between polymer chains and solvent molecules, causing either “salting-in” or
“salting-out” to LCST; 4) poly(CVE-MA) needs to be tailored structurally, either
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microscopically or macroscopically in order to meet specific requirements in terms of
applicable range, LCST, sensitivity, etc..
With this perspectives and potential adaptations in mind, the authors would like to
propose some key questions still need to be addressed in the near future. For aqueous
systems, is it possible to synthesize copolymers, which not only include temperature
sensing section, but also capacity contributing sections, thus a more balanced system could
be achieved? Does the application of high voltage have an effect upon long time cycling
stability? If they do, could application of TRPs to be used to prevent such ageing from
aggravating? Could simulation techniques to be used in this field (polymer science and
electrochemistry), so as serving as a guide, indicating potential effective TRPs-solutionsalt combinations in electrochemical devices, predicting properties and performance?
Could we further utilize conformational change of TRPs in other fields, such as nano
robotics and sensors? What adaptations need to be made if this technology to be used in
large format capacitors? Is it possible to apply this temperature responsive, localized
patching of precipitated polymer technology to organic or biological environment, i.e.
wound dressing?
For organic LIBs, could we expand the application of poly(CVE-MA) to common
lithium metal oxides/graphite batteries? What are the differences in terms of kinetics and
electrochemistry in half cell and full cell when it comes to the application of poly(CVEMA) in them? Since this technology shows tremendous potential in the area of stationary
energy storage, the question is could we transplant this technology to sodium ion batteries
or lithium sulfur batteries, in order to achieve thermally stable, stationery energy storage
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devices? What adaptations, change of designs need to be made if this technology to be used
in large format LIBs? What are the similarities and differences when it comes to TRP
included aqueous and organic systems? Could we develop a general correlations between
organic medium/polymer chemistry, phase behavior, and the corresponding battery
property and performance? Factors which preventing restoration of capacity in LIBs need
to be taken into account. Could porous structures of carbonaceous materials, polypropylene
separators interfering with the reversibility once temperature return to normal conditions?
Do the electrochemical testing setup, such as potential, current density play a role in the
restoration process? Could volume confinement of coin cells leads to limited reversibility
of the system? Is it possible to apply this temperature responsive, localized patching of
precipitated polymer technology to mechanical/inorganic environments? Lastly, question
like under what circumstances does reversibility is a necessary requirement for specific
applications still need to be asked.
To conclude, this PhD work has demonstrated the feasibility and great potential of
using TRPs in both aqueous and organic electrochemical devices, with a purpose to control
and regulate electrochemical performances at normal and elevated temperatures and further
prevent thermally related hazards such as capacity degradations. While issues such as
reversibility and decline of capacity and performance at normal conditions still exist, it is
of the author’s firm belief that TRPs could still find niche applications in the field of
biomedicines, robotics, sensors, and more importantly,

provide alternative counter

measures to thermal runaway and pave the way for future thermally stable electrochemical
energy storage devices.
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APPENDICES
Appendix A
CV profiles for supercapacitors adopting different binder materials

Figure A-1: Cyclic voltammetry profiles for supercapacitors adopting different binder
materials, the specific capacitance was 973 mF for CMC/H2O and 170 mF for PVDF/NMP,
scan rate 0.1 V/s, 25 °C.
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